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FOREWORD 
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contract was initiated under Project No. 1369, "Mechanical Systems 
for Advanced Flicht Vehicles," and Task No. 136901, "High Perfor- 
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Wagner (AFFDL/FEM) was the Air Force Project Engineer. 

This report describes work conducted during the period from 
December 1970 thru April 1973.  The Convair Project Leader was 
R. C. Churchill and R. H. Anderson was the principal investigator. 
The design and installation ox the verification test set-up and 
overhead load carriage fixture on the AFFDL Landing Gear Test 
Facility at Wright-Patterson AFB, Ohio was accomplished by 
Mr. J. F. Maverick and Mr. W. I. Streiff.  Mr. W. C. Kreger 
formulated some of the mathematical models.  Digital computer 
programing was performed by Mr. C. W. Austin, Mrs. L. J. Schnacke 
and Mr. J. D. Price. 

The author wishes to thank Mr. Wagner for his guidance and 
assistance throughout the program.  The generous assistance and 
cooperation oi AFFDL Landing Gear Test Facility personnel and 
members of the Systems Research Laboratories, Inc., during the 
Verification Test Phase of the program is appreciated.  This 
report was submitted by the author in June 1973. 

KENNERLY H. DIRGES 
Chief, Mechanical Branch 
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ABSTRACT 

A program for verifying and refining a previously 
developed aircraft antiskid performance and system compati- 
bility analysis procedure is described« Analysis verifica- 
tion was performed by comparing antiskid system operation as 
predicted by the analytical procedures with that recorded 
during laboratory testing. The laboratory tests were con- 
ducted at the Air Force Flight Dynamics Laboratory Landing 
Gear Test Facility at Wright-Patterson Air Force Base, Ohio 
using a set-up consisting of F-lll aircraft main landing 
gear, tire, wheel, brake, hydraulic brake actuation system 
and several antiskid control circuit variations. The air- 
craft landing gear equipment was mounted in a support 
fixture with movable load carriage installed over the 192 
inch diameter brake test dynamometer. Analytical refinement 
consisted of modifying the mathematical equations describing 
antiskid operations to enhance computation economy and more 
accurately agree with test results. A discussion of para- 
meters influencing antiskid operation is presented. Pre- 
liminary design of components for a fluidic controlled 
pneumatic brake actuation system is described. 
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SECTION I 

INTRODUCTION 

A. OBJECTIVE 

The objectives of this program as stated in the contract 
statement of work are:  (1) to verify, correlate and refine the 
Aircraft Antiskid Performance - Total System Compatibility 
Analysis Procedures previously developed under U.S. Air Force 
Contract F33615-70-C-1004 and as described in AFFDL-TR-70-128, 
and (2) to establish the feasibility of a fluidic-controlled 
pneumatic braking system, 

• 

B. SCOPE 

This program for Aircraft Antiskid Pe formance - Total System 
Compatibility Analysis Verification, Correlation and Refinement 
consisted of the following: 

(1) A total system verification test set-up was designed, 
fabricated and installed in the AFFDL Landing Gear Test 
Facility, Building 31, Area B, Wright-Patterson Air Force 
Base, Ohio. The test set-up is comprised of:  (a) a struc- 
tural steel framework attached to the 192 inch diameter 
inertia dynamometer, (b) a movable load carriage supported 
by the framework and providing simulated aircraft landing 
gear fuselage attachment provisions, (c) a carriage loading 
and positioning system, (d) one F-lll main landing ge^r 
tire-wheel-brake assembly assembled with the required air- 
craft landing gear structural components to complete an 
installation the same as that for the aircraft left wheel 
installation, (e) a mockup of the aircraft hydraulic brake 
actuation and control system including pilot's metering 
valve, accumulator, lines and fittings, (f) antiskid control 
circuits, an F-lll antiskid valve and wheel speed sensing 
unit and (g) instrumentation and recording equipment needed 
to measure and record parameter variations significant to 
antiskid operation. 

(2) Verification testing consisting of a number of braked stops 
was performed utilizing the total system verification test 
set-up for thirty-six test conditions having various com- 
binations of landing gear loading, antiskid control circuit 
type, two different tire sizes, various tire inflation pres- 
sures and various amounts of hydraulic brake actuation system 
flow restriction. During these stops the following parameters 



were measured and recorded with respect to time: dynamometer 
flywheel speed and distance, braked wheel speed, hydraulic 
pressure at the brake and at the antiskid valve inlet, brake 
torque, radial and tangential forces between the tire and 
dynamometer flywheel and antiskid valve electrical signal. 

(3) The results from some of the total system verification test 
runs were compared with analytically predicted parameter 
variations obtained from the antiskid performance and total 
system compatibility analysis procedures« 

(4) The Antiskid Performance and Total System Compatibility 
Analysis procedures have been refined to enhance computation 
economy and to achieve agreement with verification test 
results• 

(5) Components for a fluidic-controlled pneumatic braking system 
for operation with and skid control of an F-lll wheel/brake 
assembly have been designed, A comparison of fluidic to 
conventional brake control systems has been formulated« 

C« BACKGROUND 

The characteristics of modern high performance airplanes are 
such that there are many occasions where the pilot is very dis- 
advantageous ly situated for perceiving the amount of wheel brake 
force which can be applied without causing tire skidding« Because 
of high airplane ground speeds required for takeoff or landing, 
relatively high wheel braking forces are frequently necessary for 
controlling the vehicle's velocity within the available runway 
distance« Since a relatively short duration tire skid at high 
speed may result in a blowout with consequent severe damage to 
other aircraft components or may cause loss of directional con- 
trol, experience has established that a wheel brake antiskid 
feature is required for safe and predictable aircraft operation« 

Figure 1  is a block diagram showing the typical arrangement 
of an aircraft landing gear wheel brake system and the relationship 
between the various elements within the total vehicle system« The 
brake system functions to inhibit wheel rotation in response to 
pilot command so that a force opposing aircraft motion is produced 
between the tires and runway surface. Most modern military air- 
craft are equipped with hydraulically actuated disc type brakes 
controlled by a full power brake control system which also incor- 
porates an automatic antiskid feature as shown« 

mliiwinw-   nrm •••»,>,-*„•   -•••iimr. rn-irrinmnrt 
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The antiskid function is accomplished by a group of components 
which automatically detect and alleviate incipient tire skidding 
by controlling brake torque. An incipient skid is alleviated by 
temporarily reducing brake torque to a value less than the torque 
being produced by the friction force at the tire-runway interface„ 
Brake torque reduction is sustained for a time interval suf- 
ficiently long to allow the wheel to regain speed» After the 
wheel has regained speed, brake torque increase is initiated« 
Since brake torque is produced by applying fluid pressure to the 
brake actuating cylinders, torque is controlled indirectly by 
controlling actuation pressure. 

Antiskid system components usually consist of wheel speed 
sensing units, antiskid control elements and antiskid brake torque 
control valves« For clarity, Figure 1  shows the arrangement of 
an aircraft having a tricycle landing gear arrangement with single 
wheel main gear configuration« For airplanes having multiple 
wheeled landing gears and/or multiple landing gears, the same basic 
arrangement prevails with the addition of additional similar type 
components as appropriate« 

The reduction and subsequent reapplication of brake torque 
results in an oscillatory braking force being applied to the air- 
plane« This oscillatory force has the potential for causing 
adverse dynamic loading of the airplane structure, for causing 
directional control difficulty and for degrading the aircraft's 
stopping performance« The need for evaluating antiskid operation 
to predict the effects of the potentially deleterious oscillatory 
braking force is now recognized because there have been a number 
of instances where failure to do so has resulted in severe 
operational difficulty and in some cases catastrophic landing 
gear failure« 

The overall resultant effects of antiskid operation are 
dependent upon the characteristics of the antiskid equip aent 
components along with the characteristics of the airplane and 
many of its other systems as well as the operating environment 
into which the vehicle is placed« If during the airplane's usage, 
within its intended operating envelope instances of unsafe condi- 
tions resulting from antiskid operation frequently occur, the 
braking system is deficient with respect to the attempted opera- 
tional circumstances and is relatively unacceptable« Braking 
system deficiencies are caused by incompatibilities within the 
overall vehicle system which result in antiskid operation being 
different than was intended or which result in the practically 



achievable braking effectiveness being incorrectly predicted« 
These incompatibilities result from inadequate consideration of 
significant design parameters or of the aircraft's required 
operating environment« 

It is intended that the analytical techniques described 
herein be used for establishing the influence of the individual 
total vehicle system elements upon antiskid operation« The 
behavior of each equipment item can thereby be established or 
its performance requirements defined so that the relative compati- 
bility between individual elements and between equipment items and 
basic aircraft characteristics can be determined« Whenever the 
practically achievable performance for each equipment item is 
established considering the applicable prevailing cost, weight, 
volume cr other inherent physical property restraints, the overall 
system can then be evaluated with respect to the braking system 
equipment's acceptability and proper utilization« 

As with any system or device the degree to which a braking 
system or one of its components may be adjudged acceptable is 
established by how well it operates to provide the performance 
expected without causing any trouble« Therefore, it is evident 
that the braking system equipment's acceptability for a particular 
usage is influenced by how well expectation is tempered with reason 
and judgement« For instance, it is possible that some aerodynamic 
or other vehicle characteristic prevents achievement of the desired 
or expected wet runway stopping performance with any conceivable 
antiskid equipment configuration« If experiencing this type of 
disappointing circumstance is to be avoid the expected braking 
system effectiveness must be established from basic material pro- 
perties and proven fundamental principles which have been verifie . 
by substantial experimental evidence rather than from optimistic 
estimates or unsupported claims« The antisHd analysis techniques 
utilized during this program may be employed for such realistic 
establishment of braking system effectiveness« The following dis- 
cussion of some fundamental aspects of antiskid operation and 
antiskid evaluation is presented to help establish a rational 
basis for applying the analysis procedure« 

The dominant factor influencing the operation of an antiskid 
brake control system is the well known characteristic behavior of 
a rolling tire while being subjected to braking forces« This 
characteristic behavior, as shown on Figure 2 , is that as a 
small braking force is applied an apparent slippage develops be- 
tween the tire and contacing surface« This apparent slippage is 
evidenced by the wheel angular velocity being less than the 
synchronous angular velocity by an amount proportional to the 



BRAKING 
FORCE 

APPARENT WHEEL SLIPPAGE 

(A) ZONE OF NO TIRE FOOTPRINT SLIPPAGE 

(8)ZONE OF INCREASING TIRE FOOTPRINT     „IPPAGE 

APPARENT WHEEL SLIPPAGE -   fa-QwRe 

WHERE: 

X A -    AXLE TRANSLATIONAL VELOCITY 

&W*   WHEEL ANGULAR VELOCITY 

/?C -  TIRE UNBRAKED APPARENT ROLLING RADIUS 

Figure 2      Pneumatic Tire Slippage Versus 
Braking Force Characteristic 
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the braking force« The tire synchronous angular velocity is the 
value which results from unbraked rolling. The initial apparent 
slippage proportional to the braking force occurs without appre- 
ciable relative motion between the tire footprint and contacting 
surface because of elastic deformations within the tire. If an 
increase in the braking force to a value exceeding the maximum 
achievable for prevailing friction conditions is attempted, an 
actual slippage between the tire footprint and contacting surface 
results. When the tire footprint is actually sliding relative to 
the contacting surface the friction coefficient decreases as 
sliding velocity increases which is the usual case with any two 
sliding objects. 

When the characteristics of the braking force - slippage 
relationship are considered while examining the equation of the 
tire's angular motion with applied brake torque as shown by 
Figure 3, it can be seen that when the applied brake torque is 
less than the available friction torque, a friction torque equal 
and opposite to the brake torque will develop by the tire 
increasing its slippage along the positive-slope portion of the 
characteristic relationship« If the applied brake torque is 
increased or if the tire-to-ground friction force potential 
decreases so that a condition occurs where the brake torque ex- 
ceeds the available friction torque, tire slippage will increase 
into the negative-slope region of the brake force - slippage 
characteristic variation resulting in an unstable ever increasing 
negative wheel angular acceleration. A full skid will result if 
the brake torque is not quickly reduced to some value less than 
the instantaneous friction torque so that a positive wheel angular 
acceleration is produced causing the wheel to regain speed. To 
satisfactorily control brake torque an antiskid system must be 
capable of distinguishing between a tire's slippage in the stable 
or unstable condition« 

Several control concepts and a number of different type 
devices for implementing some of these concepts have been used 
for antiskid brake control. Because of very competitive market 
conditions and the achievement of relatively acceptable perfor- 
mance, practically all of the antiskid systems in current general 
usage are of the class previously described in Figure 1 • These 
systems measure a braked wheel's speed, compare the measured speed 
magnitude and/or rate of change to an "index-of-acceptability", 
and control brake torque according to the results of the compari- 
son. The primary differences between systems supplied by different 
airframe or antiskid equipment manufacturers is the "index-of- 
acceptability" utilized and the methods by which it is established. 
The usual "index-of-acceptability" is the ai»junt of wheel slippage 
or the rate of increase in wheel slippage, 
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+ x* 

* 

/ß  • Brake torque 
/fe{" Radial force on tire from ground 
Fe  • Braking force "^/^Gg. 
FftVm  Vertical force on wheel from axle 
/>»*" Horizontal force on wheel from axle 
//A  " Height of axle above ground 
^u.   " Friction coefficient between the footprints and ground 
J^/  • Tire-wheel assembly mass moment of inertia 
Kfi  * Horizontal axle displacement 
XA  " Horizontal axle velocity 
0*m Wheel angular displacement 
fewm Wheel angular velocity 
Q^m  Wheel angular acceleration 

Equation of wheel angular motion: Jw öw  • F<3tf# ~7# 

Figure 3  Braked Wheel Forces 
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Evaluating antiskid braking system performance and 
compatibility is aided by examining the physical operating 
characteristics of the applicable braking system equipment in 
the typical arrangement as shown schematically in Figure 4» The 
elements shown are: the pilot's metering valve, antiskid control 
valve, brake actuation cylinder, interconnecting fluid trans- 
mission lines with their flow resistances, brake discs, wheel 
and tire assembly, antiskid wheel speed sensor device and antiskid 
control circuit elements« The typical antiskid valve is a two 
element device having a control pressure producing first stage 
and a second stage power spool which controls the direction which 
fluid may flow thru the valve« Several different type first stage 
devices may be used and the range over which control pressure 
varies depends upon the type. Figure 4 shows the type where 
control pressure varies over the entire range between inlet port 
pressure and return port pressure« For other type first stage 
devices having different ranges of control pressure variation, 
the second stage spool areas upon which the control and brake 
port pressures act are sized so that a proper force balance is 
achieved« The antiskid valve operating principles are similar 
whichever type first stage type is used. 

Figure 4 shows the antiskid valve second stage in the 
position for no antiskid control signal such that the fluid 
pressure as commanded by the pilot's pedal position is trans- 
mitted to the brake« The antiskid valve first stage produces 
a control pressure as a function of the antiskid valve control 
signal and inlet pressure« The control pressure is equal to 
antiskid valve inlet pressure with zero antiskid valve input 
signal and the control pressure is decreased as the valve signal 
increases. If the antiskid control valve input signal is in- 
creased the reduction in first stage control pressure imposes a 
pressure unbalance upon the second stage spool thereby causing 
spool movement to a position which allows fluid flow out of the 
brake cylinder to return. As the antiskid valve brake port pre- 
sure becomes equal to the first stage control pressure, the 
pressure balance on the second stage spool causes it to be 
repositioned to shut off fluid flow. Whenever the antiskid 
valve input signal is reduced, first stage control pressure 
increases to cause an opposite pressure unbalance in the second 
stage which results in the spool being positioned to allow fluid 
flow from the pilot's metering valve to the brake cylinder until 
a new pressure balance is achieved« 

A typical aircraft brake has a characteristic cylinder 
pressure versus fluid volume relationship and a characteristic 
cylinder pressure versus torque relationship as shown on Figure 5* 
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Figure 5   Typical Brake Characteristics 
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For occasions where the antiskid control circuit commands brake 
torque to be increased or decreased by changing the antiskid valve 
control signal, some amount of time must elapse during which suf- 
ficient fluid flow occurs to produce the change in brake cylinder 
volume corresponding with the required change in cylinder pressure» 
When changing brake cylinder pressure, the fluid flow rate at each 
instant is established by the difference between brake cylinder 
pressure and the system source pressure for brake application or 
by the difference between brake cylinder pressure and system 
return pressure for brake release and the combined resistance of 
the applicable fluid flow path. Since the antiskid valve is a 
mechanical device which must be positioned to permit fluid flow 
in the proper direction, some finite (usually small) time interval 
is required» Consequently, it must be recognized that the brake 
actuation system flow resistances, the antiskid valve dynamic res- 
ponse characteristics and the brake's characteristics have a very 
significant influence upon brake torque dynamic response to anti- 
skid valve input control signals« In addition, the antiskid 
wheel speed sensing element and the control circuit elements 
usually have characteristics which result it the instantaneous 
values of the various signals lagging actual  ".urrences by some 
small amount« The relative compatibility of c ; brake actuation 
and control loop is established by how well the antiskid control 
element's characteristics are matched to the prevailing conditions 
of actuation fluid flow resistance, brake pressure-volume and 
pressure torque characteristics, and the dynamic response charac- 
teristics of the tire and wheel brake supporting structure« 

Antiskid control has a cyclic nature because it involves 
detecting that braked wheel slippage has progressed from a stable 
condition to an unstable condition with subsequent brake torque 
adjustment in a manner such that wheel slippage returns to the 
stable condition. Figure 5 describes the sequential events which 
occur and the relative variation of wheel speed, brake torque and 
friction torque during a typical antiskid cycle« To emphasize 
the various events and fundamental characteristic variations, the 
magnitude and rate of the parameter changes shown have been 
arbitrarily assigned and are not intended to represent any specific 
case« The occurrences during the time intervals between events 
shown on Figure 5 are as follows; 

TIME 
INTERVAL OCCURRENCES 

t0-ti    Brace torque increases and wheel angular velocity 
decreases in the stable region of the brake force - tire 
slippage characteristic producing an equal and opposite 
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ANTISKID CYCLE PERIOD *i 
PARAMETERS 

Wheel synchronous angular^ velocityXA/Re 
Wheel angular velocity &w 
Applied brake torque T3 
Maximum available friction torque JM max 
Achieved friction torque • /j f~QQ 

EVENTS 

•Ar 

As-+~T1ME 

n - 
t2 - 

t3 - 

*4 - 

t6 - 

t7 - 

Instant brake application is initiated 
Instant when applied brake torque equals maximum 
available friction torque 
Instant of incipient skid detection, i.e., wheel 
slippage or slippage rate becomes equal to skid 
detection threshold 
Instant brake torque increase ceases (either because of 
brake torque reaching its applied value or because of 
skid control action preceding torque reduction) 
Instant brake torque reduction is initiated 
Instant brake torque equals friction torque and wheel 
negative acceleration ceases 
Instant wheel angular velocity has regained the required 
portion of its initial value (value at t2) to cause 
initiation of brake reapplication, i.e., skid recovery 
signal threshold 
Instant brake application is initiated for next antiskid 
cycle 

Figure 6  Antiskid Cycle Events 
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friction torque until the maximum available friction 
torque is achieved at t^. Brake torque increase rate 
is controlled by the brake, brak? actuation control 
system (hydraulic flow restriction) and skid control 
system characteristics« 

tl"t2   Brake torque continues to increase producing increasing 
negative wheel acceleration into the unstable region of 
the brake force - tire slippage characteristic until 
wheel slippage or slippage increase rate reaches the 
skid-detection threshold« 

t2"t3"t4 Brake torque increase continues until it is terminated 
by either (a) the torque reaching the value commanded 
or (b) skid control system terminates the torque in- 
crease in preparation for torque reduction. Friction 
torque and wheel speed continue to decrease (total 
interval may be called skid control reaction time). 

t4"t5   Brake torque decreases at a rate controlled by the 
brake, brake actuation system and antiskid control 
characteristics« Friction torque continues to decrease 
as wheel slippage increases« Wheel speed decreases to 
its minimum value. 

tr-t/    Brake torque decreases until it becomes zero or until 
antiskid control system initiates brake torque increase. 
Wheel speed increases from its minimum value to an 
amount required to initiate brake torque increase (skid 
recovery signal)• 

t6"t7   Reaction time of the brake, brake actuation system and 
antiskid system between skid recovery signal and 
initiation of brake torque increase« 

Figure 6 provides a graphic means for examining and evaluating 
the two most significant effects of antiskid cycling - the average 
braking force achieved (wheel braking system effectiveness) and 
the characteristics of dynamic forces being applied tc the wheel 
supporting structure« From Figure 6 it can be seen that: the 
fundamental frequency of applied dynamic loading is established 
by the antiskid cyclic period (i.e., time interval t$  -ty), and 
assuming constant aircraft velocity during the cycle, the average 
braking force achieved is proportional to the area under the curve 
of friction torque versus time divided by the cyclic period. 
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The dynamic loading and average achieved brake force are not 
independent of each other but rather have a very complex 
interrelationship influenced by antiskid component and other 
brake system equipment characteristics. 

An examination of Figure 6 considering the parameters shown 
and the effects of their variation with respect to evaluating 
braking system performance reveals that braking effectiveness is 
increased by:  (a) moderate rates of brake torque increase, 
(b) high rates of brake torque decrease, (c) lower values of 
wheel slippage or rate of wheel slippage increase for skid detec- 
tion threshold, (d) short antiskid system reaction time, 
(e) smaller amounts of excess applied brake torque and (f) least 
possible fraction of initial cycle velocity for skid recovery 
signal« Since most of the above tend to diminish the cyclic 
period, increased antiskid performance usually results in higher 
cyclic frequency potential« 

Some particularly important aspects of antiskid operation 
are exemplified by Figure 7 which shows a comparison of the 
characteristic variation in braked wheel speed and braking force 
(friction torque) throughout an antiskid cycle for two extreme 
circumstances: 

(a) An instance where the applied brake torque is a very large 
percentage greater than the available friction torque and 
the available friction torque is low, and 

(b) An instance where the applied brake torque is a small 
percentage greater than the available friction torque and 
the available friction torque is high. 

For both cases the interval between points (2) and ® is the 
time consumed by the required antiskid control circuit and anti- 
skid valve actions« the interval between points (3) and (4) is 
the time required for sufficient fluid flow from the brake 
cylinders to cause brake torque reduction by an amount such that 
equality between brake torque and friction torque is achieved, 
the interval between points @ and (5) is the time required for 
wheel spinup sufficiently to produce a skid recovery signal, the 
interval between points (5) and @  is the time required for the 
antiskid control circuit and antiskid valve actions plus an inter- 
val required for sufficient fluid to flow such that the brake 
discs make contact if the brake was previously released to a 
degree for disc clearance to exist, and the interval between 

. 
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WHEEL SPEED 

BRAKING FORCE OR 
FRICTION TORQUE 

TIME 

CASE (A): HIGH BRAKE TORQUE - LOW AVAILABLE FRICTION TORQUE 

© Brake torque application to an amount equal to instantaneous 
available friction torque 
Skid detection 
Brake torque reduction initiated 
Brake torque reduced sufficiently to allow wheel decel to 
cease and wheel accel to begin 
Skid recovery signal - brake reapplication initiated 
Brake torque increase starts 
Brake reapplication to an amount equal to instantaneous 
available friction torque 

(£>© ©J® 
WHEEL SPEED 

BRAKING FORCE OR 
FRICTION TORQUE 

^_ CYCLE 
PERIOD 

CASE (B):  HIGH BRAKE TORQUE 

*-TIME 

- HIGH AVAILABLE FRICTION TORQUE 

Figure 7  Comparison of Antiskid Cycle Conditions 
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joints (6) and ® is the time for sufficient fluid flow to the 
brake for causing brake torque increase by an amount such that 
equality between brake torque and friction torque is again 
achieved* 

It should be noted that the time interval between points (5) 
and (3)is approximately the same for both cases because the con- 
trol circuit and antiskid valve consume about the same amount of 
operating time for any circumstance requiring brake pressure 
reduction« Since for case (a) the wheel has a much higher 
deceleration rate and a greater pressure reduction must be 
accomplished to prevent skidding with resultant greater time 
being consumed for removing fluid from the brake, the amount of 
wheel speed departure into the unstable slippage region is much 
greater. These factors long with the slower wheel spinup rate 
resulting from low available friction torque causes brake pressure 
reduction co  be sustained for a longer time interval during which 
brake fluid volume usually decreases to an extent where clearance 
is produced between the friction surfaces« Upon brake reappli- 
cation a greater time interval is then required for replenishing 
the brake fluid volume to produce brake torque. The overall 
resultant effect is that the cyclic period for case (a) is greater 
than for case (b) and the average braking force achieved for 
case (a) is a smaller fraction of the maximum braking force pro- 
duced than for case (b). Therefore, a major consequence of 
antiskid cycling is the trend toward reducing the achievable 
fraction of the instantaneous peak available braking force for 
conditions of low braking force potential (i.e., intensify the 
degradation of braking system effectiveness for conditions of 
reduced brake force potential). This inherent characteristic is 
unavoidable whenever any relatively "fixed time" elements are 
part of the control loop. The degree of degradation in braking 
system effectiveness is increased for larger amounts of excessive 
brake torque. This effect can be minimized if upon brake appli- 
cation the brake torque is reduced to more closely match the 
available friction torque. Modern "modulated" antiskid systems 
accomplish reduction of subsequent brake torque reapplication by 
using a servo type pressure regulating valve and providing a 
relatively slowly varying bias signal to the valve drive amplifier. 

From the preceding discussion it can be established that the 
primary objectives of any brake control/antiskid system capable 
of achieving improved performance are:  (1) to minimize the occur- 
rence of antiskid cycles and (2) to minimize the amount of wheel 
speed departure into the unstable slippage region for cases where 
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cycling does occur. The degree to which these objectives are 
accomplished while permitting wheel brake application so as to 
achieve a large fraction of the potentially available friction 
force is a measure of the system's relative acceptability» 

To accomplish its purpose an antiskid brake control system 
must function to cause a braked wheel's motion to be such that 
the relative velocity between the tire footprint and the ground 
is minimized for as much of the time as possible» An examination 
of the factors influencing tire footprint relative velocity 
reveals that the relative velocity between the tire footprint and 
the ground is equal to the horizontal velocity of the axle plus 
the horizontal velocity of the footprint relative to the axle, 
and that the horizontal velocity of the tire footprint relative 
to the axle is established by the rate of tire tread circumferen- 
tial and radial displacement relative to the wheel and the wheel's 
angular velocity relative to the axle» At any instant all these 
velocity components are established by the relative distribution 
of elastic, thermal and kinetic er.orgy resulting from the cumula- 
tive effects of the externally applied forces which have acted 
upon the tire-wheel assembly since spi^-up and brake application. 

As shown on Figure 3 the externally applied forces acting 
upon the tire-wheel assembly are tha horizontal and vertical force 
components between the wheel and the axle, the brake torque, the 
radial force between the tire footprint and the ground and the 
horizontal friction force between the footprint and the ground« 
The runway profile along with the individual and collective elastic 
and inertia properties of the tire, wheel, supporting structure 
and vehicle influence the amount and nature of variations in radial 
ground force acting upon the tire-wheel assembly. The horizontal 
friction force acting upon the tire-wheel assembly is the product 
of the tire-to-ground radial force and the friction coefficient 
which in turn is affected by tire tread material elastic and 
strength properties as influenced by temperature and prior exposure 
to thermal and other environmental conditions, the nature and 
quantity of any contaminating substances, tire inflation pressure 
and footprint shape, and runway surface texture in addition to 
tire footprint relative velocity. 

When braking system operation is examined within the context 
of the total vehicle system it is evident that the antiskid con- 
trol elements must continually adjust brake torque in an attempt 
to achieve consonance with the other forces acting upon the tire 
wheel assembly« Since the forces acting upon the tire-wheel 
assembly are usually quite large compared to tire and wheel 
inertia, the antiskid system must accomplish brake torque 
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adjustment very rapidly« Figure 8 shows an oscillograph trace of 
axle vertical force component and brake torque recorded during 
landing of an F-111A aircraft, on the main runway at Edwards AFB, 
California under dry conditions« This information was recorded 
for reasons other than antiskid system evaluation; however, it 
shows how axle vertical load variations resulting from airplane 
bouncing triggers antiskid operation as evidenced by brake torque 
varying in an attempt to follow the braking force potential. The 
higher frequency component of brake torque oscillation, at approxi- 
mately 8 HZ, is caused by antiskid operation« It can be observed 
that each instance of large brake torque reduction corresponds 
with an instance of reduced axle vertical force« For this stop 
the pilot applied constant maximum braking during the interval 
shown. For any type airplane with any type antiskid system, 
antiskid cycling triggered by a sudden reduction in braking force 
potential incurred by either changes in tire«to-runway friction 
coefficient or by changes in radial wheel load can be expected to 
occur whenever the brake is applied with sufficient intensity« 

As previously stated, the frequency and magnitude of the 
oscillatory braking force produced by antiskid cycling is not 
independent of braking system effectiveness. To achieve reason- 
ably good braking performance under most conditions an antiskid 
brake control system should have approximately 10 HZ or greater 
cyclic frequency potential« Unfortunately, for many (perhaps 
most) airplanes 10 HZ is very near or above the landing gear fore 
and aft first mode natural frequency. Provisions must therefore 
be included within the brake control system to restrict the brake 
force oscillatory magnitude and/or cyclic frequency in a manner 
so that structurally damaging load magnification is prevented. 

Figure 7 showed that the natural tendency is for the larger 
magnitude brake force oscillations to have a higher frequency 
than that for smaller magnitude oscillations. Since most of the 
antiskid system characteristics which promote achievement of 
improved braking performance for low braking force potential 
conditions such as wet runways, also produce higher antiskid 
cyclic rate potential, any steps taken to enhance braking per- 
formance for slippery conditions must be very carefully evaluated 
with respect to their effects upon dynamic loading whenever cir- 
cumstances of high brake force potential are encountered. 
Therefore, the dominant consideration when evaluating total 
braking system compatibility is assuring that the antiskid in- 
duced oscillatory braking force does not have a combination of 
amplitude and frequency which is structurally detrimental under 
any condition of airplane usage, It is most often necessary to 
sacrifice braking system performance under some circumstances to 
achieve such compatibility. 
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Antiskid system evaluation Is usually performed during the 
initial design or system development phase for most new aircraft 
to assure stopping performance objectives can be achieved and to 
verify no adverse dynamic loading will be produced. These evalua- 
tions may be analytical, experimental or a combination of both 
and most often are performed as laboratory dynamometer tests, 
hybrid hardware-analog computer analyses and aircraft taxi tests« 
The analytical evaluation is usually accomplished by utilizing a 
setup composed of hardware representative of the aircraft com- 
ponents interfaced with an electronic analog computer* The com- 
puter Is used to solve mathematical equations describing such 
parameters as aircraft motion, landing gear motion, tire and 
wheel motion, tire-to-runway friction, aerodynamic forces and 
brake torque. The actual behavior of a laboratory setup including 
such components as antiskid electronic circuitry, the brake, 
hydraulic control valves and interconnecting lines or other de- 
vices is measured by suitable instrumentation and fed into the 
computer to obtain a composite solution. This analysis procedure 
is used because a complete mathematical computer setup may be 
considered too expensive or because accurate mathematical des- 
criptions for some components such as the electronic antiskid 
control circuit are not available. If any actual hardware is 
used in the computer setup, the analysis must be performed "real 
time". 

While these hybrid hardware-computer analyses serve many 
useful purposes, several analytical limitations are incurred 
with a "real time11 solution. Some of these analytical limitations 
are:  (a) some significant parameters such as brake torsional 
displacement, tire circumferential displacement with respect to 
the wheel an^ unsprung mass position (oosition of the wheel, 
brake and axle suspended between springs representing the tire 
and shock absorber strut) have very high rates of vibration 
making their observation and interpretation very difficult. This 
same problem is encountered when attempting to interpret antiskid 
operation as recorded during vehicle testing, (b) if actual hard- 
ware is used as a part of the computer solution the effects of 
component characteristic variations cannot be evaluated unless 
such variations are physically produced. The large expenditure 
of time and money required to accomplish such evaluation is 
usually prohibitive, (c) the instrumentation used to Interface 
the hardware with the computer introduces additional variables 
to an otherwise very complex system. 

The above analytical difficulties can be overcome or 
significantly reduced by employing an all-mathematical approach 
and operating the analog computer at a reduced time scale or by 
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using a digital computer• As can be determined from the work 
accomplished under Contract F33615-70-C-1004 and described in 
AFFDL-TR-70-128, a major difficulty encountered with the all 
mathematical analysis approach is the large number and complexity 
of the mathematical operations result in relatively large compu- 
tation expense. A part of the analytical refinement accomplished 
during this program has been directed toward reducing computation 
expense; however, with respect to total system analysis there are 
some relatively complex mathematical operations remaining. De* 
pending upon particular circumstances and the type of problem to 
be solved, useful analytical results can be achieved either with 
an all-mathematical approach having various degrees of complexity 
or with the hybrid hardware-analog computer approach. 

Laboratory dynamometer test evaluation of antiskid braking 
system operation provides a relatively low cost and very low 
risk means for examining many factors relative to system per- 
formance and compatibility. The dynamometer test results can be 
used to establish parameter values for analytical uses or to 
confirm analytical predictions. Even though dynamometer testing 
cannot be representative of aircraft operation in some respects, 
if properly conducted they will establish the limits of a parti- 
cular equipment's capabilities and provide insight into how the 
equipment might be changed to achieve a more compatible system. 
A very advantageous aspect of dynamometer testing is that almost 
any conceivable parameter can be controlled or at least monitored 
with relative ease and a particular test can be duplicated if 
desired. Aircraft taxi or flight cests are heeded to confirm 
that predicted brake system performance and compatibility are 
actually achieved. However, because of the great difficulties 
involved in controlling and/or measuring many parameters on an 
airplane and because of unacceptably high costs and/or high risks 
involved in producing a controlled demonstration under limiting 
conditions, it is not generally practical to consider aircraft 
testing as the only braking system evaluation technique. 

Considering the previously described factors which influence 
antiskid operation whenever contemplating analysis of braking 
system effectiveness for use in establishing airplane stopping 
performance, it becomes evident that the random variation of 
such parameters as runway profile and tire-to-ground friction 
coefficient makes precise prediction of exact occurrences 
virtually impossible and impractical. However, since the random 
variations of many other factors such as brake application speed, 
wind direction and velocity, pilot brake system operating 
technique, and runway distance remaining from point of brake 
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application also significantly influence the relative success 
which will be achieved during an individual instance of brake 
system usage, it must be acknowledged that the relatively minor 
variations in antiskid operation from one instance to the next 
are not greatly significant. The primary benefits to be derived 
from analyzing antiskid effects upon airplane stopping performance 
are: to establish the relative capability of one aircraft type 
as compared to another for some defined runway condition, to 
evaluate the relative capabilities of one antiskid system type 
as compared to another on the same airplane, to evaluate the 
effects of possible variations in basic airplane configuration 
and landing gear characteristics upon braking system operation, 
and to establish braking system component performance requirements 
which are necessary for achieving some specified stopping per- 
formance for a particular aircraft type. By applying the antiskid 
evaluation techniques utilized during this program, answers may 
be provided for such questions as: Is it reasonable to expect 
that an airplane achieve the same stopping performance on any 
runway as might have been achieved during official performance 
demonstrations on the very smooth runway at Edwards AFB, 
California?, or Is it reasonable to expect the same level of 
braking system effectiveness from two different type airplanes 
equipped with the same type antiskid system if the airplanes 
differ with respect to tire size and landing gear elastic charac- 
teristics so as to affect the amount and frequency of load 
oscillation between the tire footprint and the ground? The 
answers to such questions can then provide the basis for judging 
braking system acceptability under particular circumstances and 
for establishing whether or not some change to the braking system 
equipment and/or some change in airplane operating procedures 
ought to be implemented. 

Much of the preceeding discussion is recognized to be 
relatively common knowledge among those who routinely participate 
in the design, analysis and testing of aircraft braking systems. 
This discussion has been presented to establish the basis for 
parameters chosen for consideration and the rationale for the 
various analytical assumptions employed during this program. It 
is also hoped that by reviewing some of the fundamental aspects 
of antiskid operation, those who have not been previously exposed 
to the subject may be provided some insight into the problem and 
may thereby be able to achieve greater benefits from applying the 
antiskid analysis techniques. 
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D. PROBLEM DISCUSSION 

A prior program, conducted under U.S. Air Force Contract 
F33615-70-C-1004 and administered by the Air Force Flight Dynamics 
Laboratory, resulted in development of an analysis procedure for 
predicting aircraft antiskid performance and total system compati- 
bility. The results of this prior program are described in Report 
Number AFFDL-TR-70-128. 

The analytical procedures consist of a complete mathematical 
description of the antiskid system components along with the air- 
plane, other aircraft components and systems related to or in- 
fluenced by antiskid operation, and the characteristics of the 
surface upon which the airplane is operating. The mathematical 
description includes such considerations as landing gear dynamic 
motion, ti*:e elasticity, brake torque response, antiskid elec- 
tronic circ litry, brake hydraulic control system dynamics, runway 
surface profile, and tire-to-runway friction characteristics. 
Both "On-Off" and "Modulated" antiskid systems are considered. 
Procedures for quantitative evaluation of the influencing para- 
meters and examples of their usage are also presented. The 
mathematical description consists of analytical components as 
follows: 

(!) Brake - Brake torque, hydraulic displacement and inlet flow 
rate are computed as functions of time considering applied 
brake pressure, relative velocity between the braking fric- 
tion surfaces, axial elasticity, heat stack Inertia, piston 
position and velocity, and the various friction coefficients 
(lining, torque tube and wheel splines, piston seals) as 
functions of velocity. 

(2) Hydraulic System - Hydraulic pressure at the brake, at the 
antiskid valve inlet and outlet, and at the pilots metering 
valve is computed as a function of time considering pilot 
command, system supply pressure^ compressibility and inertia 
of the actuation media, line flow resistance and elasticity, 
variable flow areas within the pilots metering valve and 
antiskid valve as functions of spool position, and volume of 
the various containment vessels (lines, valve bodies, brake 
housing). 

(3) Airplane and Landing Gear - The position and velocity of the 
airplane and the landing gear elements with respect to the 
airplane are computed with respect to time considering forces 
from the wheel and brake, aerodynamic force», runway profile, 
shock strut elasticity and damping, sho:k strut position, 
aircraft inertia, and control surface position. 

24 

 : ,  .  ^toauaiMWl iiiMi^-iiilÜ"inMia»Miiinni   MÜ i    i    • " "in in' -niif—J '"  



(4) Wheel and Tire - The forces between the wheel-tire assembly 
and the airplane and between the wheel-tire assembly and the 
runway are computed with respect to time considering tire- 
to-runway friction coefficient as a function of relative 
velocity and runway surface condition Including hydroplaning 
effects, tire radial and circumferential deformation and Its 
rate, applied brake torque and axle velocity« 

(5) Wheel Speed Sensor - Antiskid control circuit Input signal 
is computed as a function of time considering wheel angular 
velocity and characteristics of the antiskid wheel speed 
8ensor device« 

(6) Antiskid Control Circuit - Antiskid valve voltage is computed 
as a function of time considering the input signal from the 
wheel speed sensor and the control circuit characteristics 
(the dynamic behavior of the various circuit elements is 
described)• 

(7) Antiskid Control Valve -  Antiskid control valve spool position 
is computed as a function of time considering the applied 
valve voltage from the control circuit, first stage pressure 
response characteristics, and inlet, outlet and return port 
pressure. 

(8) Control Surface Position - Horizontal tail position is 
computed as a function of time considering pilot command, 
stability augmentation system characteristics, and airplane 
pitch rate. 

(9) Runway Surface Profile - Runway surface profile is defined 
as a function of the airplane's longitudinal displacement. 

The analytical prediction procedure is implemented by 
combining the individual analytical components to obtain a total 
system composite solution. An electronic computer is used to 
produce a simultaneous solution of all mathematical equations. 
The mathematical descriptions previously developed with corrections 
and refinements resulting from work accomplished during this pro- 
gram are contained in Appendix A herein. To permit confident and 
useful employment of the analytical procedure a controlled 
physical demonstration to show its validity and to assure all 
significant parameters are included ana properly accounted for 
should be performed, and simplification and refinement should be 
accomplished wherever possible to reduce complexity and consequent 
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computation expense. During the course of this program the 
second factor above became the major consideration in that only 
a very small fraction of the analytical effort planned could be 
accomplished. 

As with the analysis of any physical phenomena the degree of 
complexity incurred with an analysis of antiskid operation is re- 
lated to the degree of solution precision which is being attempted. 
At the onset of the analytical effort it was recognized that if 
any significant Improvement in the analysis of antiskid compati- 
bility was to be accomplished, some greater than usual analytical 
complexity would be required because the influence of such high 
frequency oscillations as brake squeal and tire tread circumferen- 
tial displacement was to be accounted for.  It was hoped that some 
way could be found to combine these complex analytical elements 
needed for compatibility evaluation with simpler analytical ele- 
ments as are more appropriate for evaluating airplane stopping 
performance. Unfortunately, efforts expended toward accomplishing 
this goal have not produced very successful results. The following 
discussion describing various possible mathematical treatments of 
tire-to-ground friction illustrates the analytical dissonance 
between a procedure best suited for evaluating antiskid compati- 
bility and a much less complex treatment suitable for airplane 
stopping performance evaluation. 

A very important aspect of antiskid brake control system 
analysis is the mathematical treatment of the relationship between 
tire-to-runway friction force and the amount of tire-to-runway 
slippage. This mathematical treatment is influenced by budgetary 
considerations, computer setup and computer capabilities* For a 
real time analog computer setup the usual procedure is to define 
the friction coefficient between the tire and runway surface as 
a function of wheel slip ratio as shown in Figure 9(a). In this 
case, the amount of tire slippage is expressed as a fraction of 
the axles horizontal velocity. Figure 9(b) shows an alternate 
procedure where friction coefficient is expressed as a function 
of slip velocity. Figure 10 shows how these functions are used 
to compute the brake force and the brake force is then used in 
the computation of wheel slippage. Both of the ^bove can give 
fairly good analytical results when evaluating braking system 
performance but do not produce computer operation which correlates 
very well with the effects of antiskid operation as recorded during 
vehicle tests. 
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Figure 9  Tire Friction Coefficient Functions 
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(a)    SLIP RATIO 
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(b)  SLIP VELOCITY 

Figure 10  Tire Friction Computation 

28 

i-^..-.-..- ^..^.~> •»a.^ii  •- mt ^-. ...-.•..• ^-..^idMMMMil»^^ -,-,..,. r||i   ,...,..,.;.._..._,^•.••^•^v^...J.J 



— •        •   —    »»»»MMWWiqtK«! 

As described in Reference 17, a critical examination of the 
above mathematical treatment of the relationship between tire- 
to-runway friction force and tire-to-runway slippage will reveal 
that in the stable positive slope region of the friction force- 
slippage relationship the amount of apparent slippage is the 
result of the braking force and tire elastic deformation, not the 
cause of some value of friction coefficient being in existence, 
and that in the unstable negative slope region of the friction 
force-slippage relationship the amount of friction force decay is 
a function of the tire footprint actual slippage not some percent- 
age of the axle velocity« Consequently, the characteristics of 
the friction coefficient-slip ratio function, if used, must be 
established relatively arbitrarily because of the very large 
variations which must be approximated over a wide range of condi- 
tions.  It is not uncommon to set the initial slope of the friction 
coefficient-slip ratio function to be compatible with computer 
capabilities rather than attempt to simulate the tire elastic 
properties as would be more realistic« 

Considering the above, using the analytical convenient slip 
ratio-friction coefficient technique cannot produce truly credible 
analytical results. Using the friction coefficient-slip velocity 
approach is capable of more believable analytical results if the 
function can be adequately defined. The ma'aematical treatment 
of the brake force-tire slippage phenomenon aescriv ;d in Appendix 
A herein better represents actual physical oc^urreices. This 
procedure is to account for the tire tread torsic I and trans- 
lational deformation relative to the wheel when computing foot- 
print velocity relative to the runway. However, because of the 
tire treads1 very high acceleration, a real time analog computer 
or relatively long integration time step digital computer solution 
is not practically achievable. Using the tire mathematical model 
described in Appendix A along with the definition of tire pro- 
perties from Reference 1 allows the examination of such effects 
as tire size and inflation pressure upon braking system compati- 
bility. These effects can be of considerable significance for 
the case of small high pressure tires. 

There are other analytical elements such as brake torque 
computation and hydraulic valve operation where there are 
similar differences between the type of mathematical treatment 
which is best suited for compatibility analysis as compared with 
performance evaluation.  It has been concluded that a single 
analysis procedure is not likely to ever be formulated which will 
be capable of general usage for all antiskid analysis tasks in an 
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economically feasible fashion« Accordingly, an alternate more 
simplified analysis procedure has been formulated. The analytical 
techniques of the simplified procedure are intended to be pri- 
marily used for performance evaluation« However, some compatibility 
aspects of antiskid operation can be analyzed. 
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SECTION II 

VERIFICATION TESTING 

The initial step toward verifying, correlating and refining 
the previously developed aircraft antiskid performance and total 
system compatibility analysis procedures was to conduct a con- 
trolled physical demonstration of total braking system operation. 
This demonstration consisted of a number of braked stops per- 
formed on a laboratory brake test dynamometer using a test set-up 
including an aircraft landing gear assembly to support the tire, 
wheel and brake, the brake actuation hydraulic system, and an 
antiskid system. During these braked stops various forces, 
hydraulic pressure and displacements describing the landing gear 
dynamic behavior, antiskid and hydraulic brake control systems' 
operation and braking performance were recorded so that this in- 
formation could be compared with the corresponding information 
predicted by the analytical procedures for the same circumstances« 
The controlled demonstration was intended to show the effects upon 
braking performance and total system compatibility which result 
from varying such total system characteristics as: 

(1) Hydraulic flow restriction at various points in the brake 
actuation system 

(2) Tire radial and torsional stiffness 

(3) Antiskid control characteristic 

(4) Landing gear fore and aft natural frequency 

(5) Tire-to-runway braking force potential. 

A.  TOTAL SYSTEM TEST INSTALLATION 

The total system test installation consisted of: 

(1) A support fixture equipped with a movable carriage simulating 
the aircraft lending gear attachment points. A carriage 
loading and control system was provided so that the landing 
gear could be landed on the 192 inch diameter flywheel of 
the inertia brake test dynamometer located in the AFFDL 
Landing Gear Test Facility, Building 31, Area B, Wright 
Patterson Air Force Base, Ohio. 
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(2) One F-lll main landing gear tire-wheel-brake assembly 
installed on the necessary F-lll landing gear structural 
components so as to complete an installation the same as 
that for the aircraft left main wheel. 

(3) A raockup of the F-lll hydraulic brake actuation and control 
system including pilot's metering valve, accumulator, lines 
and fittings. 

(4) An antiskid control system including wheel speed sensor, 
control circuit and antiskid valve* 

(5) Instrumentation equipment as required to measure and record 
dynamometer flywheel speed and distance, braked wheel speed, 
hydraulic pressure at the brake and at the antiskid valve 
inlet, brake torque, radial and tangential forces between 
the tire and dynamometer flywheel, and electrical signal at 
the antiskid control valve. The instrumentation consisted 
of: 

(a) Electrical resistance strain gage pressure transducers 
with appropriate excitation power supply and resistance 
measuring electronic circuitry (CEC System D) to measure 
hydraulic pressure at the brake and at the antiskid 
valve inlet. The accuracy of the pressure measurements 
was within + 25 psig. 

(b) The output from the antiskid wheel speed sensor (a D.C. 
tachometer) was used to measure braked wheel speed. 
The speed was determined within 2 percent by using the 
tachometer calibration curve and an electronic D.C. 
voltmeter (same as described in (e) for antiskid valve 
electrical signal). 

(c) A light beam type electronic pulse generator and 200 
hole perforated disc with appropriate electronic cir- 
cuitry was used to measure dynamometer flywheel speed 
and distance. Distance measurement within + .25 ft. 
and velocity measurement within + lc5 miles per hour 
was accomplished with an electronic counter and by the 
oscillograph. 

(d) Electrical resistance strain gages installed on the 
axle were used to measure the radial and tangential 
forces between the tire and dynamometer flywheel and 
brake torque.  CEC System D excitation power supply 
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and resistance measuring electronic circuitry were 
used for strain gage output recording* The axle was 
calibrated using a calibration fixture previously used 
for flight test load calibration. 

(e) An electronic D.C. voltmeter was used to measure the 
electrical signal at the antiskid control valve« This 
voltmeter is the oscillograph galvanometer with 
appropriate shunt. Voltage measurement was within 
±  .5 volts. 

Outputs from these measuring devices were recorded with 
respect to time on a CEC direct writing oscillograph and on 
magnetic tape. 

Instrumentation calibration was accomplished by accepted 
laboratory practice with respect to standards traceable to the 
National Bureau of Standards. 

During the course of the testing alternate equipment items 
such as different size tires, different antiskid control circuits 
and different hydraulic flow restrictors were assembled into the 
total system installation as appropriate to produce the desired 
overall system configuration for individual test conditions. 
The total system test installation is shown on Figures 11, 12, 
13, 14, 15 and 16. Figure 17 shows two views of the 192 inch 
diameter inertia brake test dynamometer located in the AFFDL 
Landing Gear Test Facility prior to installation of the total 
system test support fixture. These two views correspond to those 
shown on Figure 11 and Figure 12 after the total system test 
support fixture was installed. 

The total system test support fixture was designed and 
fabricated at the Fort Worth Operation of General Dynamics Convair 
Aerospace Division in Fort Worth, Texas. After assembly the 
support fixture was structurally proof tested at Fort Worth, 
Texas and then disassembled, shipped to Wright-Patterson Air 
Force Base, Ohio and installed in the AFFDL Landing Gear Test 
Facility. The support fixture has 28.0 inches carriage stroke 
and will accommodate a landing gear having up to 50.0 inches 
tire diameter. The movable carriage weighs approximately 1500O 
pounds and with the initially installed size actuator powered 
by the existing 1500 psi hydraulic system test loadings over 
the range of 0 - 30,000 pounds applied radially on the dynamo- 
meter flywheel can be accomplished. The support fixture struc- 
tural capacity is 50,000 pounds and by increasing the size or 
number of load actuators or by increasing the capacity of the 
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Figure 12  Total System Test Installation Support Fixture 
Viewed Looking East from Outside Dynamometer Cage 
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Viewed Looking North From Inside of Cage 

Viewed Looking East From Outside of Cage 

Figure 17  AFFDL 192 Inch Diameter Brake Test Dynamometer 
Prior to Total System Test Installation 
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existing hydraulic system test loadings up to 50,000 pounds can 
be accomplished. Figure 18 shows the support fixture while being 
subjected to proof loading for the side load design condition and 
Figure 19 shows the fixture set up to apply proof loading for the 
landing design condition* Because the support fixture is not 
structurally symmetrical for loading applied in the plane of the 
flywheel, both landing and braking design proof loads were applied 
in each direction (i.e., as installed«horizontal loads acting 
both North and South). Because of support fixture symmetry in 
the plane of the flywheel shaft, proof loading for the side load 
condition was applied in the direction of horizontal load acting 
West only. The proof loadings applied are: for the landing 

design condition, 142,000 pounds (1.5 times the resultant of 
75,000 pounds vertical combined with 57,750 pounds horizontal 
in a plane 19.0 inches above the flywheel), for the braking 
design condition 117,000 pounds (1.5 times the resultant of 
50,000 pounds vertical combined with 60,000 pound horizontal in 
a plane tangent to the flywheel), and for the side load design 
condition (drift landing) 144,000 pounds which is 1.5 times the 
resultant of 75,000 pounds vertical combined with 60,000 pounds 
horizontal and in a plane tangent to the flywheel. 

The support fixture carriage loading and control system 
consists of an electrohydraulic servo actuator in combination 
with a solid state electronic amplifier/comparator unit. The 
test fixture control unit as shown in Figure 13 allows the 
operator to lock or unlock the overhead carriage, command landing 
or unlanding, control the amount of landing load applied, apply 
or release the brake, bleed the carriage load hydraulic equipment 
and implement emergency unlanding. 

B. TEST CCHDITIONS AND PROCEDURES 

The testing was accomplished by performing braked stops with 
a combination of different equipment configurations and different 
applied loading as listed in Table 1.  The various equipment 
configurations listed are: 

(1) Antiskid System - The antiskid systems used during the tests 
consisted of a production F-lll wheel speed sensor (Goodyear 
Part Number 9542613) and antiskid control valve (Goodyear 
Part Number 9550255) connected with one of the following 
antiskid control circuits: 
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Figure 18 Landing Gear Support Fixture Structural 
Proof Test for Side Load Condition 
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Figure 19      Landing Gear Support Fixture Structural 
Proof Test For Landing Load Condition 
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Table 1     Test Condition Summary 

TIRE AND APPLIED 
COND. ANTISKID TIRi ; SHOCK STRUT HYD. VERTICAL 

NO. SYSTEM SIZE ; INFLATION CONFIG. LOAD 

1 ON-OFF-A 47 X 18 150-A A 17,000 
2 CN-OFF-A 47 X 18 150-A A 13.000 
3 ON-OFF-A 47 X 18 150-A A 9,000 
4 ON-OFF-A 47 X 18 150-A A 5,000 
5 ON-OFF-A 47 X 18 50-A A 5,000 
6 QN-OFF-A 47 X 18 50-A A 13,000 
7 ON-OFF-A 42 X 13 200-A A 17,000 
8 ON-OFF-A 42 X 13 200-A A 13,000 
9 ON-OFF-A 42 X 13 200-A A 9,000 

10 ON-OFF-A 42 X 13 200-A A 5,000 
11 ON-OFF-A 42 X 13 200-A B 5,000 
12 ON-OFF-A 42 X 13 200-A B 13,000 
13 ON-OFF-A 4? X 13 200-A C 5,000 
14 ON-OFF-A 42 X 13 200-A C 13,000 
15 ON-OFF-A 42 X 13 200-A D 5,000 
16 ON-OFij'-A 42 X 13 200-A D 13,000 
17 ON-OFF-A 42 X 13 200-B C 17,000 
18 ON-OFF-A 42 X 13 200-B C 13,000 
19 ON-OFF-A 42 X 13 200-B C 9,000 
20 ON-OFF-A 42 X 13 200-B C 5,000 
21 ON-OFF-B 42 X 13 200-A C 13,000 
22 ON-OFF-B 42 X 13 200-A C 5,000 
23 ON-OFF-B 47 X 18 150-A C 13,000 
24 ON-OFF-B 47 X 18 150-A C 5,000 
25 MOD-A 47 X 18 150-A C 13,000 
26 MOD-A 47 X 18 150-A C 5,000 
27 MOD-A 47 X 18 150-B A 13,000 
28 MOD-A 47 X 18 50-A A 5,000 
29 MOD-A 47 X 18 150-A A 17,000 
30 MOD-A 47 X 18 150-A A 13,000 
31 MOD-A 47 X 18 150-A A 9,000 
32 MOD-A 47 X 18 150-A A 5,000 
33 MOD-A 42 X 13 200-A A 17,000 
34 MOD-A 42 X 13 200-A A 13,000 
35 MOD-A 42 X 13 200-A A 9,000 
36 MOD-A 42 X 13 200-A A 5,000 
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(a) CW-OFF-A antiskid control circuit was a bread board 
version of the production F-104 and B-58 circuit except 
that an amplifier was added to the input in an attempt 
to achieve compatibility with the F-lll wheel speed 
sensor and to account for the difference in tire size« 

(b) ON-OFF-B antiskid control circuit was the same as 
CN-OFF-A except the skid detection threshold and skid 
recovery signal settings were adjusted to achieve 
better stopping performance for the condition where 
high braking force potential exists. 

(c) MOD-A antiskid control circuit was the production F-lll 
circuit with a modification of a resistance value in 
the modulating section. This modification was to 
facilitate the computation of analytically predicted 
performance and should have had negligible effect upon 
antiskid operation. 

(2) Tire Size - The following two different size tire and wheel 
assemblies are physically interchangeable on the F-lll axle 
and fit with the F-111A brake assembly. The difference in 
weight of these two tire and wheel assemblies was expected 
to produce a preceivable change in landing gear fore and aft 
natural frequency. 

(a) 47 X 18-18 size 26 ply rating tire mounted on a F-111A 
wheel assembly (B.F. Goodrich Part No. 3-1156-7) - 
This is the production F-111A equipment. 

(b) 42 X 13-18 size 28 ply rating tire mounted on a F-111B 
wheel (B.F. Goodrich Part No. 3-1155-5). 

(3) Hydraulic Configuration - The hydraulic brake actuation and 
control system used for these tests was a mockup of the 
production F-lll system with the following alterations: 

(a) Hydraulic Configuration A was the production configura- 
tion with no alteration except that a single long hose 
was used in place of a combination of hard line and 
two short hoses between the metering valve and the 
landing gear. 

(b) Hydraulic Configuration B was the production system 
modified by installing a moderate hydraulic flow res- 
triction (.060 inch diameter orifices) between the 
antiskid valve and the brake. 

45 

afliiliündafli ^^.ttiataaa^j^a^^ 



(c) Hydraulic Configuration C was the production system 
modified by installing a moderate hydraulic flow res- 
triction (.070 inch diameter orifices) between the 
pilot's metering valve and the antiskid valve« 

(d) Hydraulic Configuration D was the production system 
modified by installing a very high hydraulic flow res- 
triction (.035 inch diameter orifices) between the 
pilot's metering valve and the antiskid valve. 

(4) Tire and Shock Strut Inflation Conditions - The test run 
conditions listed in Table I include variations in the 
total system configuration with respect to the shock strut 
and tire inflation pressures. The shock strut inflation 
pressure condition A is equivalent to that used on the F-lll 
and is sufficiently high to keep the shock struts upper 
stage fully extended. In the upper stage fully extended 
position and with the vertical loads associated with landing 
gross weightsj shock strut stroking !oes not occur because 
there is insufficient compressive force to overcome the 
extending load. Ir this case the tire absorbs all of the 
airplane's vertical motion with respect to the ground and 
fairly large tire load variations result. Shock strut in- 
flation pressure condition B is a lower pressure as is 
required to allow the upper stage to be compressed enough 
to produce two inches axle travel from the upper stage fully 
extended position when the test load is applied statically. 
This shock strut inflation condition would allow some of the 
vertical position variation in the aircraft's landing gear 
attachment to be absorbed by shock strut stroking as would 
occur with a conventional single stage strut arrangement. 
In this case the variation in tire loads should have been 
reduced. Even though these tests were performed with a 
laboratory set up where large vertical load variations 
should not occur the elastic deflection of the load carriage 
was expected to produce some variation of vertical load. 

Different tire inflation pressure conditions were imposed 
to achieve changes in tire radial and torsional stiffness. 
The higher pressures were those which are usually used on 
the airplane (no flywheel correction applied) and the lower 
pressures were those which will produce approximately the 
same deflection for the test load imposed as is experienced 
on the airplane. 

On Table 1 the tire and shock strut inflation condition is 
indicated by the tire inflation pressure in psig and the 
shock strut inflation condition letter as described above. 
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Since these tests were performed to produce information to 
be used for verification of the analytical prediction procedure, 
the test conditions were formulated to be compatible with the 
analytical procedure* The achievement of good (or even acceptable) 
braking performance was not expected for some test conditions. 
The reason for using the On-Off type antiskid control circuit 
for the majority of the test conditions was that the analytical 
predicticn for On-Off operation was believed to be more economi- 
cal than for the modulated control circuit operation. The 
objectives for the individual test conditions were: 

° Test conditions number 1,  2, 3 and 4 were to examine the 
variation in braking system performance which results from 
variations in tire-to-runway braking force potential. 

° Test conditions number 5 and 6 were to examine the effects 
of tire stiffness. The results of these test runs will be 
compared to conditions 2 and 4. 

0 Test conditions number 7, 8, 9 and 10 were to examine the 
effects of changing the landing gear fore and aft natural 
frequency. 

• Test conditions number 11, 12, 13, 14, 15 and 16 were to 
examine the effects of variations in hydraulic system flow 
restrictions. 

o Test conditions number 17, 18, 19 and 20 were to examine 
the effects of the landing gear's vertical compliance as 
influenced by shock strut characteristic. 

o Test conditions number 21, 22, 23 and 24 were to examine 
the effects of changing the control circuit's operating 
characteristic. 

o Test conditions number 25 and 26 were to determine the 
effects of varying the hydraulic system restriction in 
conjunction with modulat  mtiskid circuit operation. 

• Run condition 27 was to de,   .ae the effects of the landing 
gear's vertical compliance .   onjunction with modulated 
antiskid circuit operation. 
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o Test run condition 28 was to determine the effects of tire 
stiffness in conjunction with modulated antiskid circuit 
operation* 

o Test conditions number 29, 30, 31 and 32 were to determine 
the variation in braking system performance with modulated 
antiskid circuitry resulting from variations in tire-to- 
runway braking force potential« 

o Test conditions number 3 :.., 34, 35 and 36 were to determine 
the effects of increased landing gear fore and aft natural 
frequency along with variations in tire-to-runway braking 
force potential with modulated antiskid system operation« 

For all test conditions the dynamometer flywheel inertial 
equivalent was 10,147 pounds, the brake application speed was 
135 mph and brake release speed was 10 mph. The resultant kinetic 
energy absorption was 6.15 million foot pounds as compared with 
18 million foot pounds F-111A brake 45 stop energy capacity« 
This low energy condition was used for economy in that brake wear 
was minimized, test runs could be conducted more frequently be- 
cause long brake cooling periods were avoided, and the computation 
expense required to analyze a complete test run was reduced» Each 
test run was performed as follows: 

° The applicable total system installation test configuration 
was installed in the test set-up and the antiskid control 
circuit was functionally checked« The applicable landing 
load was set on the carriage load control system, 

0 The flywheel was accelerated to approximately 140 mph 
peripheral speed and the wheel was landed with the applic- 
able applied load. When 135 mph flywheel speed was reached 
the brake was applied by positioning the aircraft pilot's 
metering valve for 1600 psi steady state output pressure« 
Prior to landing the instrumentation and recording equipment 
was started to record the applicable parameters during the 
test. 

° When the flywheel speed had been reduced to 10 mph, the 
brake was released so that the aircraft wheel was allowed 
to coast« At approximately 2 mph flywheel speed the air- 
craft wheel was unlanded« The dynamometer flywheel was not 
brought to a complete stop because significant antiskid 
operation does not occur below 10 mph locked wheel detection 
speed and because repeated high torque low speed usage 
causes excessive brake wear and lining damage. 
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C. TEST RESULTS 

Since this testing was performed for verification of the 
analytical prediction procedure, the criteria for evaluating the 
relative success or failure of an individual test run is estab- 
lished by the degree of agreement between actual occurrences and 
the analytically predicted occurrences« The nature of the testing 
was such that the test results could be evaluated by direct ob- 
servation of the oscillograph traces showing the recorded data. 
Items which were evaluated are: 

• Landing gear fore and aft load magnitude and oscillation 
frequency« 

° The character and magnitude of braked wheel speed variation 
throughout individual antiskid cycles« 

o Relative braking effectiveness as indicated by stopping 
distance ard dynamometer flywheel deceleration rate« 

o The ability of the antiskid system to prevent skids when 
conditions of low tire-to-runway friction potential are 
encountered« 

o The overall compatibility between the various elements 
within the total system« For instance, was the hydraulic 
brake line flow restriction excessive such that satisfactory 
tire skid prevention or the achievement of satisfactory 
stopping performance was inhibited« 

Test runs were performed for all of the 36 test conditions 
listed in Table 1 and the test data was recorded as intended. 
Figure 20 shows an oscillograph record for test condition No. 29 
with a reduced time scale. This oscillograph is typical of the 
other test conditions except for length. As can be observed the 
antiskid system operated reasonably well« 

In most respects practically all of the test results except 
for those from test condition No. 29 were unsatisfactory in that 
the circumstances of the test runs were beyond the bounds of the 
circumstances for which the analysis procedures were intended to 
represent. The primary difficulty was that the 0n-0ff antiskid 
circuit operation was totally unsatisfactory and not representa- 
tive of any type antiskid system which might ever be attempted 
to be used on an airplane. Unsatisfactory 0n-0ff antiskid 
operation was caused by the wheel speed signal being severely 
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distorted by the amplifier which was intended for adapting the 
F-lll wheel speed sensor to provide the proper input to the F-104 
type electronic circuit. The existence of the problem was recog- 
nized at the time the tests were being conducted; however, the 
means for prompt resolution was not available. Testing was 
continued because the degree of wheel speed signal distortion 
was not believed to be as great as it was later determined to be. 
When the magnitude of the problem was Identified there was 
insufficient remaining time with which to implement suitable 
corrective action and repeat the test runs. 

As a result of the unsatisfactory On-0ff antiskid operation, 
a large number of severe tire skids occurred. These tire skids 
caused the tread compound to become reverted. Even though the 
flywheel surface was cleaned between test runs, the reverted tire 
tread compound contaminated the flywheel surface during the first 
few wheel revolutions such that tire-to-flywheel friction coef- 
ficient was much less than that which is usually available and 
which was planned for. Since the test runs for conditions using 
the modulated antiskid control circuit were performed such that 
they were interspersed with the tests using On-Off antiskid 
circuit, the results of these tests were adversely affected by 
the abnormal tire tread condition. This problem could have been 
avoided if additional tires had been available for replacement 
or if the tests had been performed so that those using modulated 
antiskid circuit had been performed first. 

Observation of the oscillograph records during the course of 
the test revealed brake pressure increase and decrease was occur- 
ring at a rate less than that which had been expected. The test 
setup was inspected for possible unplanned excessive restriction 
in the hydraulic lines from the brake to the antiskid and brake 
metering valves and the antiskid valve was changed on one 
occasion; however, no cause for apparent high restriction could 
be found. This effect did not cause any significant difficulty 
with antiskid operation during testing but does cause an 
analytical problem as discussed in Section IV. 
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SECTION III 

ANALYSIS REFINEMENT 

Early in this program it was realized that if any appreciable 
amount of test data correlation was to be accomplished it would 
be necessary to devise some way to reduce analytical complexity 
because of the prohibitive computation expense which would other- 
wise be incurred. This problem was previously discussed in 
Section I herein« To permit evaluation of such effects as brake 
chatter and squeal, the tread circumferential and radial dis- 
placement with respect to the wheel, and hydraulic system resonant 
pressure surges, the analysis procedures as previously formulated 
contain a number of second order differential equations describing 
phenomena having very high oscillatory frequencies, some well 
above 100 HZ* Provisions for these effects were included because 
there have been instances where they have been the cause of brak- 
ing system incompatibility problems« In addition« the examination 
of tire tread displacement with respect to the wheel provides the 
only known means of adequately explaining a tire's braking force 
versus apparent slippage relationship« 

As a first step toward analytical refinement the antiskid 
valve mathematical model was revised as described in Section 7 
of Appendix A« Additional damping was added between the tire 
tread and the wheel and the tire-to-ground friction coefficient 
versus slip velocity function was modified as described in 
Section 4 of Appendix A. These simplifications were helpful but 
did not significantly reduce computation expense« It is evident 
that there are infinitely many minor variations of the mathe- 
matical models formulated and that the useful analytical tool 
whereby "high gain" second order differential equations are 
replaced with first order equations could be employed in many 
more instances than it has« However, by these means establishing 
the simplest possible composite solution which could be useful 
requires a great deal of time consuming experimentation« To 
overcome this problem it was decided to revert to the more usual 
antiskid analytical techniques and formulate a simplified analysis 
procedure« For the following simplified mathematical description 
all of the elements previously described separately, except for 
the wheel speed sensor and antiskid control circuit, are combined 
into a single simplified model representing a brake test dyna- 
mometer type setup« This simplified model is essentially the 
same as that which would be (and has been) used on an analog com- 
puter operating at "real time" with actual aircraft antiskid 
control circuit hardware« For this case such high frequency 
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second order equations as those for axle torsional displacement, 
tire tread displacement relative to the wheel, brake disc axial 
displacement and hydraulic valve spool displacement are not 
included. There is also a significant difference in the treat- 
ment of the tire-to-ground friction force for this model in that 
the friction coefficient versus footprint relative slip velocity 
function has been modified to have a relatively moderate slope 
through zero as shown in Figure 24. This modification is re- 
quired to represent the elastic displacement of the tire tread 
relative to the wheel which is not being computed. The same 
format as used in Appendix A is used. 

A. MATHEMATICAL DESCRIPTION 

Each major element of the system is described separately as 
in Appendix A even though all elements are combined into a single 
system. 

Hydraulic System 

The hydraulic system supplies brake actuation pressure, Pß , 
and consists of a pressure source, the antiskid valve flow control 
spool, the brake actuation cylinder and interconnecting piping as 
shown in Figure 21. As described in Appendix A hydraulic flow is 
established by the product of a pressure function <f  and a flow 
coefficient function Ac*  as follows. 

(1) 

(2) 

~   M/9K I Acv^9 A(ACVO/5CVO)) 

IPX ±Sc\/o 

IF K < Scvo 

PR PMV 

QCVR \ 
\S 

nl 
cv 

z 0£J/& 
*a 

oB -wv 

 Q 
Figure 21  Simplified Brake Hydraulic System Schematic 
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The pressure source is the pilot's metering valve output 
having pressure PM\/  . As the pilot applies the brakes, the 
metering valve output pressure increases from reservoir pressure, 
P/i  , to the command pressure value, Pc&  , as a function of time 
in accordance with equation (3)• 

(3)    />M/*   T(Pcf>-P«)/TcP   rP« M*0*T±fo 

= PCP //- 7> TCP 

The antiskid valve flow control spool position, Xcv  , 
establishes the brake application or brake release flow coeffic- 
ients, Acvs   and /?cv#  respectively, according to equations (4) 
and (5). 

(4) AcV£=/?CVSO lF(fa-S*)*Sc*o 

*ArM$c*L} (XcV'ScXAwto/Sr^J it* (tar-So) <Scl/0 

(5) Jicm - At**o /A CSa-tc«) *Sc cvo 

era 

The flow thru the antiskid valve flow control spool is then given 
by equations  (6),   (7) and  (8). 

(6) $ c/s = Ac*S <?< A*/, Pß > 

(7) Ct&Jt * Je** <?< Pß, P*> 
(8)     Qe - Qa/s-Qcv/z 

If the brake actuation piston area per line is AßPS  , then the 
piston velocity, Äe , is given by equation (9). 

(9)        Xß* Qe/fißps 
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The brake actuation pressure is established from the brake 
pressure volume characteristic as described by equation (10). 

(io)    pe - f CePi. Ae rPeo ,F  X/O 

JF Xe>0 

The value for piston displacement XF is established by 
integrating \8   from equation (9). 

Antiskid Control Valve 

The antiskid control valve mathematical description consists 
of the equations establishing the flow control spool position, 
Xo? » as a function of the valve's characteristics and the input 
control signal, £S >  as follows: 

(ID      X-&- ^Cscw £* 

(12) #SC =  AO /fiXsc^Xum 

9 °-° >F Asc > Xsc/z. 

(13) Psc - foe (PmS'Px) +Pfi + Pea 

(14) Vo/=  Go/ LPjC-Pß) 

(15) Xci/ -    MW  [ 0.  \/cv} 

/F So/A ^ Xcs tScSA 

//=  Xct/ ~ Sc//Z 

Brake Torque System 

Brake torque is the product of the number of friction surfaces, 
the normal force between friction surfaces, the friction coeffic- 
ient between friction surfaces and the normal force radius. The 
normal force is the product of the effective actuation pressure, 
PB  , and the brake piston area,/%/> . The effective pressure is 
determined from equation (16) as follows: 
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(16) fie--MAKfo, Pa-Peoc -Pse s«s#Ue)} 

The brake torque, 7&T , is determined by equations (17), 
(18) and (19) where the friction coefficient is defined as a 
function of the relative velocity between the friction surfaces, 
\lQ . \A/r  is the wheel angular velocity. 

(i7)    ]/e - for wr 

(18>   Ms =   Jte/ c^a &P <-*e)fe>        tPtä>o 

-- -Mg, -sdfez tTxp <<n /ß>        //? l/a* <9 

(19>    TöT* ASP £er £ Ak ( Ä) Ufc) 

In the above NR is the number of rocors. Since each rotor 
has a friction surface on each side, the number of friction 
surfaces is 2 NR. 

Wheel and Tire System 

Figure 22 shows the wheel and tire system representing a 
brake test dynamometer setup. The horizontal forcek P<5  , on the 
wheel (from the axle) is given by equation (20). 

(20) FG = -G$ X<s - 0$ ü 

If Ter   is the brake torque and F&r   is the friction force 
at the tire-flywheel interface, the tire and wheel equations of 
motion for horizontal translation and rotation are: 

(2i)     WG KG * FG - Far 

(22) \A/sr Wr = Fer Rro -Tgr 

The relative velocity between tirf tread and the flywheel, 
\J& , is given by equation (23). 

(23) VfL- /F + X$-RILVJT 
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A/QPLßN? J/RE 
WM&Lf BRAKE 

FLYMEEL 

Figure 22    Dynamometer Flywheel Setup 
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The braking force, F&T , is established by the tire vertical 
force, fun*   , and the tire-to-ground friction coefficientt/Jr » 
by equations (24) and (25). 

(24) F#T" =    Ftfrnyttr 

(25) j/(r  = ^r, „ U/ft -tfrVA £XP <- * We -&*) > ^ ^ > ^ 

The flywheel velocity, I//- , and flywheel peripheral distance, 
XP , are computed by integrating equations (26) and (27). 

(26)   )/p -   - fer / WF 

(27)     X P - \/F //I 

Figure 23 shows the Simplified Antiskid Analysis System 
Equation Flow Diagram. 
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B.  PARAMETER EVALUATION 

The parameters applicable to the simplified antiskid analysis 
procedure are listed in Table 2. The values for each parameter 
are that for test condition No. 29 as established by the pro- 
cedures described in Appendix A for the applicable case except as 
follows: 

The antiskid control valve gain,Gc/ , is set at a value such 
that if the valve spool had constant velocity it would move through 
its entire travel in 0.010 seconds which is the step input res- 
ponse time of the valve with 1500 psi differential pressure. 
Therefore, 

For .070 inches spool travel in .01 seconds, 

X<V * .07/.01 - 7 inches per second. 

G(V =. XCV/AP     * 7/1500 » 0.0047 in3/sec lbf 

The positive slope portion of the tire-to-ground friction 
coefficient function was established from information presented 
in Reference 1, for a 17.00-20 tire which is about the same size 
as the 47 X 18 tire used during testing: 

From Figure 54 (page 38) of Reference 1: 

rx  » f Kx St   for an axle velocity of approximately 
100 ft/sec. 

Where F& « Braking force 
r m  Tire free radius 

&K - Tire fore and aft spring rate 
Si - slip ratio 

By definition Si - slip velocity 
axle velocity 

For a 47 X 18 tire with 13,000 pounds radial load and 150 psi 
inflation pressure, A'x - 6830 pounds/inch (see Reference 1, page 
22, equation 47). 

For a 47 X 18 tire P  - 23,35 inches 
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Since     ft^Fi  = rlCKSi 

M 
rjCjjfj    _   (23.3s)L&Q3o)  $i 

Fir /ffioO 

O/L sit ~    /Z.ZZ&    -   /£-££. 
SLIP VELOCITY 

AXLE VELOCITY 

From Figure A40 in Appendix A /4£»/?x • .496 for 2400 in/sec 
aircraft velocity. Use this value even though axle velocity for 
data from Reference 1 is only 1200 inches/sec. 
Let Vko =  slip velocity for^^^^ : Therefore, 

-^ /»At,    \ l//?o » Axle Velocity  / 
/IZ2- 

I/- b) /zoo (i«£L) 

V* &o  » 48.7 inches/sec 

Figure 24 shows the resultant tire friction coefficient 
versus slip velocity function. 

+ 
>49<? 

-46.7 mjöBC 

4Ö.71W/SEG 

-.496 

Figure 24  Tire-To-Ground Friction Coefficient 
Versus Relative Velocity 
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in aaaitlon to formulating the simplified analysis procedure, 
some minor corrections have been made to the On-Gff and modulated 
antiskid control circuit mathematical models as shown in Section 6 
of Appendix A. For the On-Off circuit equation (N2) was not pre- 
viously separately identified. Since Diode D2 is in the current 
path it is necessary to consider current AD2 separately so that 
its value can be limited to positive values only. 

For the modulated antiskid circuit a minor modification of 
the computation sequence was required to place the proper limits 
on current rfeaz, • For circuit conditions 3, 4, 7, 8, 11 and 12 
where the valve drive amplifier is operating in the amplification 
mode, an upper current limit is necessary to represent the satu- 
rated condition. With the revised computation sequence, the 
value of AgQjL , once established and properly limited, is used 
for computing VB and /Icq . Previously, the equation for /?&%z 
was substituted into the equations for i/s   and /W so that all 
three parameters were computed from the instantaneous capacitor 
voltages. 
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SECTION IV 

TEST DATA CORRELATION 

Test data correlation was accomplished by comparing the 
analytical predictions for test condition number 29 with the 
test results. Figure 25 shows an expanded time scale oscillo- 
graph record of the first two seconds of the test for condition 
number 29» The variations of brake cylinder pressure, horizontal 
and vertical force on the axle, brake torque, braked wheel speed, 
and antiskid valve voltage are shown with respect to time. Two 
brake cylinder pressures, identified by "A" and "O"* are shown 
because the F-lll brake has two independent sets of actuation 
cylinders and each set is controlled by separate metering valve 
and antiskid valve elements. Figure 26 shows the variation of 
the same or comparable quantities as predicted from the simpli- 
fied analysis procedure for the first second of the stop.  For 
the analytically generated information only one cylinder pressure 
is shown and the axle drag is shown in deflection units instead 
of force units. The information shown on Figure 26 was obtained 
from an electronic digital computer solution of simplified 
analysis procedure mathematical equations described in Section 
III combined with the Option 2 wheel speed sensor and modulated 
antiskid control circuit mathematical models from Sections 5 and 
6 of Appendix A. The digital computer input data is shown on 
Table 3 and the computer program listing is in Appendix B. 

A comparison between the test results shown on Figure 25 
and the analytical predictions shown on Figure 26 reveals the 
following: 

9 The antiskid cyclic frequency is much higher for the 
Analytical prediction than was obtained in the test 

p The brake pressure change rate in the test was much lower 
than analytically predicted 

° The modulating antiskid circuit elements are not operating 
for the analytical prediction and were operating during 
the test. 

It is believed that these differences are caused by both 
analytical and test difficulties. As was previously mentioned 
in Section II the brake pressure change rates were observed to 
be much lower than expected. Figure 27 shows part of an 
oscillograph record from an aircraft test performed by the Air 
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Force at Edwards Air Force Base, California. Many pertinent 
occurrences are shown on this record one of which is the brake 
pressure change rates. Records such as this were the basis for 
the pressure change rates expected during the testing phase of 
this program« It can be seen that for high rate valve voltage 
changes, the brake pressure changes on the airplane at about the 
same rate as was analytically predicted rather than as exper- 
ienced during laboratory testing. To achieve agreement between 
analytical prediction and laboratory test result, the analytical 
parameters describing hydraulic flow restriction need to be 
modified to describe the laboratory test set-up. This could be 
done either by measuring the flow restriction in the laboratory 
(which should have been accomplished) or by trial and error 
experimentation with the analytical procedure. Neither has been 
accomplished. The differences in hydraulic flow restriction 
between the analytical prediction and the laboratory test set-up 
are primarily responsible for the different antiskid cyclic rates. 

The failure of the analytical procedures to predict the 
operational characteristics of the antiskid control circuit 
modulating elements seems to be caused by two problems. The 
first is that for some undetermined reason, the computer program 
is not computing the same influence of capacitor C2 voltage upon 
antiskid valve voltage as a static check of the equations would 
indicate. The voltage of capacitor C2 controls the valve ampli- 
fier bias. Efforts toward finding the cause of this problem have 
not been successful. The second and most significant problem 
from a analytical viewpoint is that the "gain" for equations 
defining the current, AC2, which is charging capacitor C2, is 
so high that even with the .0002 second integration time step 
used, very large overshoots in capacitor C2 voltage occur. For 
this circumstance the valve amplifier bias is much too large 
which in turn causes the valve voltage to be too high. It is 
believed that the second difficulty is obscuring the cause of 
the first. 

A related similar problem involving excessively high negative 
values of current AC4 was recognized prior to testing. Based on 
some experimental work accomplished by the Antiskid Engineering 
Department of the Goodyear Aerospace Corp., the value of R12, as 
shown on Figure A51 in Appendix A, was increased to limit the 
value of AC4 to an amount which could be analytically accommo- 
dated with a reasonable integration time step. This change in 
resistance value was previously mentioned in Section II. It is 
evident that a similar change could be implemented with regard 
to the excessively high positive values of current AC2. 

72 



The analytical difficulty experienced with the computation 
of antiskid control circuit parameter AC2, or any other parameter 
within the total system, should be recognized as typical of pro- 
blems frequently encountered while attempting to mathematically 
analyze antiskid operation. For each instance a decision must be 
made to determine how the goals; toward which the analytical ef- 
fort is directed, can be best accomplished either by implementing 
an appropriate simplifying mathematical technique so that a 
"brute force" solution is obtained, or by requiring some change 
be made to the equipment being evaluated. This decision is 
usually influenced by such factors as the analyst's experience, 
degree of prior equipment usage, cost of implernenting the hard- 
ware change, consequence of enduring the problem, and the 
relative timing within the aircraft program when the problem is 
identified. 

The specific analytical problem encountered during this 
program, wherein the equations for computing control circuit 
parameter AC2 have coefficients which necessitate an extremely 
small integration time step for obtaining a digital computer 
solution, could be resolved by any one of several ways. The 
practical significance of this analytical difficulty is that it 
indicates that the modulating circuit elements are susceptible 
to high frequency disturbances.  If the problen: is associated 
with circumstances where the absence of high frequency dis- 
turbance, such as brake squeal, can be assured, the best solution 
to the problem is to add a small resistance to current AC2 flow 
path so that its computation does not upset the whole- ana1 y?iß, 
For a case where the absence of high frequency di m. :Laac -. •\uv.  i 
be assured it would be prudent to actually raodit) the anusi :i 
circuit to reduce the "gain" on current AC2. For this second 
instance, the analytical difficulty is the definition of a real 
problem.  It can be expected that similar situations regarding 
brake torque or hydraulic pressure computations may occur. 

For the F-lll type Goodyear modulated antiskid circuit, the 
modulating elements susceptibility to high frequency disturbance 
is a very marginal situation in that actual occurrence of any 
indication of this effect during aircraft operation is extremely 
rare; however, such indication has occasionally occurred. When 
the digital computer solution was attempted with a OoOOl second 
integration time step, antiskid circuit operation was totally 
inhibited by capacitor C2 voltage overshoots. With the .0002 
second time step computer solution, as shown on Figure 26, the 
valve signal "noise" during the last few cycles indicates that 
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the same inhibition is about to occur«  If such analytical result 
had been available at the time this circuit was being formulated, 
it is very probable that some suitable corrective action would 
have been incorporated. 

A significant aspect of the analytical procedures used for 
the test data correlation is type of computation equipment which 
was utilized. The digital computer solution using discrete time 
step integration will help identify some real incompatibilities 
within the brake system. However, the appearances of these 
incompatibilities may be exaggerated if the integration time step 
is not fairly small„ The experience of this program is that, in 
general, the necessity for using an integration time step shorter 
than «0002 seconds to avoid computation difficulties indicates a 
situation where real incompatibility exists. 
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SECTION V 

FLÜIDIC CONTROLLED PNEUMATIC BRAKE 
ACTUATION SYSTEM DESIGN STUDY 

Research studies have been conducted at Convair Aerospace 
and elsewhere to evaluate the application of fiuidic control 
elements to aircraft wheel brake antiskid control systems. The 
results of the studies indicate that there is good potential for 
achieving more dependable braking system operation if a fiuidic 
controlled brake actuation system is used instead of the more 
conventional hydraulic actuation system. The areas of primary 
improvement are reduced fire hazard and more constant antiskid 
control operation over a wide temperature range. For the case 
of modern carbon disc brakes which are operated at extremely high 
temperature, the fire hazard associated with hydraulic actuation 
is particularly significant. As an initial step in the evalua- 
tion of a fiuidic controlled pneumatic braking system, antiskid 
brake control system components which are physically and func- 
tionally suitable for airplane usage have been designed. By 
having performed such detail design it is possible to establish 
the effects, if any, upon the other aircraft systems and com- 
ponents which might be required if the fiuidic controlled pneu- 
matic brake actuation system were installed. Such consideration 
is also necessary during the design of the components. 

Figure 28 shows a block diagram of a fiuidic controlled 
pneumatic braking system incorporating a modulated antiskid 
feature. For laboratory test evaluation the 3000 psi stored 
nitrogen pressure supply would be used. An aircraft installation 
might use either a stored nitrogen supply or a high pressure 
compressor combined with a smaller storage capacity. 

Figure 29 shows a modulator type fiuidic wheel speed sensor 
unit which is physically interchangeable with the F-lll D.C. 
electrical tachometer. The sensor consists of two-proximity 
sensors excited by a wheel driven slotted cup. The output of 
the sensors, a frequency signal, is the input to a frequency-to- 
analog converter module. The converter wheel speed signal is 
filtered and amplified to produce a linear analog output signal 
that is linearly proportional to wheel speed. The circuit 
diagram of the fiuidic wheel speed sensor is shown on Figure 30. 
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Figure 31 is a schematic showing how a F-lll hydraulic 
antiskid valve would be modified for pneumatic actuation by a 
pressure signal from a fluidic control circuit. To permit 
pneumatic actuation the electric linear force motor is replaced 
by a pressure bellows type linear force motor. For a limited 
evaluation test the hydraulic valve could be used for pneumatic 
pressure control if proper lubrication provisions are employed* 
For sustained pneumatic application the valve spool materials 
and perhaps a noninterflow poppet type second stage would be 
required; however, such a valve would have the same basic size, 
weight and cost as the hydraulic valve« 

Since the fluidic control system will operate by relatively 
low level pneumatic pressure signals« it is necessary that all 
the control elements be physically located in close proximity to 
each other and the valve be located as close to the brake as is 
practical. The exact physical arrangement of the control circuit 
elements needs to be tailored to each application. The control 
circuit consists of items 2 thru 8 as shown on Figure 28. Item 
2 is an operational amplifier providing gain and signal stability 
for the wheel speed sensor input to the lead-lag module. The 
lead-lag module, Item 3, is used for differentiating the wheel 
speed signal to produce a wheel acceleration signal. Item 4 is 
a variable gain operational amplifier for gain and impedance 
matching. A multi-input amplifier, identified as Item 5, is used 
for summing acceleration and bias circuit signals. The bias 
control circuit consists of Items 6, 7 and 8. The pulse shaper 
accepts and acceleration input signal and generates an output 
pulse of constant amplitude and adjustable time duration whenever 
the acceleration reaches a threshold value. The bias input con- 
sists of a linear restrietor.  Integration is performed by a 
delayed (R-C) positive feedback circuit. These fluidic control 
circuit elements for one wheel can be packaged in a volume about 
two times as great as that for the equivalent electronic circuit 
elements - a space 3x3x4 inches. However, for many aircraft 
such as the F-lll, these fluid elements could be installed inside 
the axle in a space not suitable for the electronic circuit 
elements or much of anything else. 

The cost of a single set of fluidic components for laboratory 
evaluation is about four times as great as the production electric 
system; however, in comparable quantities the fluidic units would 
be approximately the same price and the electric units based on 
current catalog prices for fluidic elements. A major advantage 
of the fluidic system components is their ability to withstand 
intense vibration and high temperature.  From this brief design 
study it has been concluded that fluidic control of a pneumatic 
brake actuation system can be practically accomplished. 
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APPENDIX A 

MATHEMATICAL MODELS 

The analysis of antiskid operation is conducted using 
a modular approach whereby the problem is divided into 
several component parts, each having inputs and outputs 
defined so that the outputs from one or more components are 
provided as inputs to other components« By combining all 
the analytical components, a composite simultaneous solu- 
tion is obtained« This Appendix lists analytical models 
formulated to mathematically describe the following aircraft 
components or systems (the computer program subroutine 
identification is given within parentheses after each item): 

1. Brake Assembly 
(Brake System) 

20 Brake Actuation Hydraulic System 
(Hydraulic System) 

3e Vehicle and Wheel Structural Support 
(Airplane System) 

4, Wheel and Tire 
(Wheel and Tire System) 

5« Antiskid Wheel Speed Sensor 
(Wheel Speed Sensor) 

6o Antiskid Control Circuit 
(Antiskid Control Circuit) 

7«. Antiskid Control Valve 
(Antiskid Control Valve) 

8« Aerodynamic Control Surface Positioning System 
(Horizontal Tail Control) 

9o Runway Profile 
(Runway System) 

These component mathematical models are the same as  those 
initially developed under Air Force Contract F33615-70-C-1004 
as described in Report No0 AFFDL-TR-70-128 except for cor- 
rections or modifications which have been incorporated as a 
result of analytical refinement conducted during this pro- 
gram» The analytical components are combined into composite 
solutions for three cases: 1. A laboratory inertia dyna- 
mometer set-up, 2. An airplane having three degrees of 
freedom (i«e«, longitudinal and vertical translation and 
pitch rotation), 3« An airplane having six degrees of 
freedom (i.e., longitudinal, vertical and lateral translation 
and pitch, roll and yaw rotation). For the case of the 

83 



laboratory dynamometer set-up, two versions of the composite 
solution are provided. The fi.st is the same as that pre- 
viously described in Report No« AFFDL-TR-70-128 which 
utilizes the same analytical components as the airplane 
solutions and the second is a simplified solution combining 
all the analytical components with minimal mathematical 
complexity and is described in report Section III« 

Alternate mathematical models have been formulated for 
some of the analytical components« These alternate mathe- 
matical models are listed in the applicable section? alpha- 
betically and are provided for instances where the) are 
needed to describe more than one type of equipment which 
might be used such as antiskid control circuits, where there 
are analytical benefits to be gained by utilizing a less 
complex mathematical model for circumstances where a more 
complex model is not required, or where modifications are 
needed for their proper application within the various 
composite solutions. 

Format and Convention Usage 

The presentation of the analytical component mathematical 
models follows a common format insofar as practical« The 
section describing each analytical component begins with an 
introductory explanation of its function or its characteris- 
tics relevant to antiskid operation« Following this intro- 
duction is the main body of the discussion under the heading, 
MA« Mathematical Description," containing the derivation 
of the equations that describe the system dynamically« This 
section is concluded with an equation flow diagram showing 
the relationship among the various system equations. A final 
discussion follows under the heading, "B. Parameter 
Evaluation," which sets forth methods of determining the 
values of the constants appearing in the system equations« 
The system presentation closes with a "Table of Parameters" 
which lists all of the system variables and constants. 

The flow diagram which appears at the end of Section A 
is provided principally as an aid in the preparation of the 
digital computer program which solves the system equations« 
This flow diagram could also be used for an analog solution« 
The following conventions apply as to the usage of the flow 
diagrams: The triangles outside the enclosing phantom line 
denote variables which are used as inputs and outputs to 
other systems. The numbered rectangles refer to equations 
within the system« As an example, in Figure A3 the rectangle 
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numbered 9 indicates that Tjar   is a function of ,&#   and £s 
and that the equation that gives the exact relationship is 
equation 1*9« No constants are shown in these diagrams. 
The triangles denoting integrators do not always contain an 
equation number« If the input to an integrator is XP   and 
its output is XP,  then the equation is implied. Thus, as 
in Figure A64, if the input to an integrator is #4 and the 
output is ytfftgi. ,  then the equation At84   mf#*<itr  , or 
equivantly, ^"^4.   * £4. >  is implied. Because of the size 
of the six degree airplane system, the flow diagram in 
Figure A32 is slightly different.  Its use is strictly limited 
to the digital program generation. It says that all equa- 
tions within one block must be written before proceeding to 
the next block. Thus, the first variables to be solved for 
are 2iv, ZSM , YOLN , •••, 5ML . After this FSN , Fw  , 
•••,2te<.*  are solved for. 
After this Xrtxi. »  XAXL >   *m*>  p/tf/vf etc. 

The "Table of Parameters" is a listing of all variables and 
constants found in the equations of that system. Each 
variable is identified by its symbol, description, units, 
and "Type." The "Type" is listed a v, v(i), and v(o) 
depending on whether the variable is only used within the 
system, is received as an input from another system, or is 
an output to another system. Each constant is identified 
by its symbol, units, description, "type," and value. The 
"type" for each constant is always "c" and its value is 
that used with the F-lll antiskid system. 

Table Al lists the mathematical conventions utilized 
throughout this study. 
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Table Al  Explanation of Mathematical Convention 

Convention Description 
• 
X A dot over a variable denotes 

differentiation with respect to time 

Computer 
Notation 

All variables are expressed in a 
form to harmonize with Fortran 
character utilization. Thus a 
variable wT6 would appear as WTE 
Also, in general, the following 
practice is adhered to.  If XTr 
is a variable, then XTT is its For- 
tran form. The symbol for #TT is 
XTTD. The symbol for XTr is XTTDD. 
The initial condition is denoted by 
addiiig 0 (zero). Thus XTT  at time • 
0 is denoted by XTT DO . 

ZsD<*> The brackets "<> " are used exclu- 
sively to denote the position of a 
function argument. The script x.   | 
is used to denote an arbitrary     [ 
variable. The parentheses "( ),! 

] are normally used to denote multi- 
plication. 

|TOTI Placing a parameter symbol between 
two vertical bars denotes the abso- 
lute value of the parameter. The 
absolute value of a signed number N 
is defined as N when N is positive 
and as -N when N is negative. 
For example: /3l - 3 and |-3| - 3. 

fii* fatty» fyCii 

OR 

MA* falz;- XnjCiJ 

The braces preceded by "MIN11 or 
"MAX" denote the value of the least 
(or largest) of the constant or the 
parameters enclosed within the 
braces. 
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Three different total system mathematical models have 
been formulated to perform antiskid analysis. The first 
model which is referred to as the flywheel system repre- 
sents an antiskid system installed on a wheel and brake 
which are mounted on a dynamometer. The second system, 
referred to as the three degree system, represents an 
antiskid system installed on a wheel and brake mounted on 
a rigid airplane which is allowed three degrt.es of freedom 
(longitudinal translation down the runway, translation 
vertically, and pitch rotation). The third system, referred 
to as the six degree system, represents a rigid airplane 
having all six degrees of freedom and equipped with a con- 
ventional single wheeled main landing gear incorporating 
independent antiskid control of each brake. All of these 
systems are created utilizing the models described in 
Section III. The basic reason for utilizing three models 
is economics. The six degree system takes at least twice 
as long to run as the flywheel system and not all antiskid 
system parameters require the sophistication of the six 
degree system. However, it might be necessary to check 
certain effects under the most comprehensive circumstances. 

The "Basic Control System" is made of the following 
elements: 

1. Brake System 
2. Hydraulic System 
3. Wheel Speed Sensor 
4. Control System 
5. Antiskid Control Valve 

To form the flywheel system, the "Basic Control System" 
is combined with the 3a. Airplane System (Flywheel), 4a. 
Wheel and Tire System (Flywheel), and the 9a. Runway System. 
To form the three degree system, the "Basic Control System" 
is combined with the 3b. Airplane System (3 Degree), 4b. 
Wheel and Tire System (3 Degree), 8. Horizontal Tail Con- 
trol System, and 9a. Runway System. The six degree system 
incorporates two separate "Basic Control Systems" and two 
separate 4c. Wheel and Tire Systems. These are combined 
with a 3c. Airplane System (6 Degree) which utilizes the 
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8. Horizontal Tail Control and 9c. Runway System (6 Degree), 
When utilizing the "Basic Control Systems" with the six 
degree system, the variables communicating with the air- 
plane model are reidentified to correspond to the right 

or left side of the airplane. Thus, X/»XR is X^ in the 
right side and XAXL is XAX in the left side. 

The high degree of modularity used in this analysis is 
desirable for three reasons. The first reason is that it 
is easy to combine the component models together to form 
different types of overall systems. This is true not only 
from modeling considerations but especially from program- 
ming aspects. As an example, the only basic change re- 
quired to accommodate a twin or tandem gear would be to 
remodel the strut in the airplane system. The second 
reason for modularity is the difficulty in being completely 
general. Should a component arise which is not described 
by the existing models, it is easy to create a new program 
for the new model without having to modify the operation 
of other systems. Thus, from the programming point of view, 
to incorporate a new wheel speed sensor for example, the 
new model program can fall back on the existing read, write, 
and logic statements of the existing wheel speed model. The 
input and output variables of the new component model are 
automatically incorporated properly into the overall compu- 
tational procedure, unless some new variables are defined. 
The following flow diagrams show the relationships between 
the various elements in the composite solutions. 
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1.  BRAKE ASSEMBLY 

The conventional airplane brake consists of a series of 
discs which are alternately stators and rotors. The stators 
are restrained from rotating about the axle by splines or 
keyways. The rotors axe  similarly connected to the wheel 
and hence rotate with the wheel and tire. The brake torque 
is produced by axially compressing the disc stack; usually 
by hydraulically actuated pistons. Many brakes use return 
springs to release the brake stack against the return pres- 
sure of the hydraulic system. The amount of dynamic torque 
which is produced by the brake at any instant is the product 
of the friction force between the rubbing surfaces and the 
radial distance between the friction force and the axis of 
wheel rotation. The friction force is the product of the 
normal force between the rubbing surfaces and the friction 
coefficient. A more simple mathematical treatment of the 
brake is a part of the simplified Antiskid Analysis Procedure, 

A.  Mathematical Description 

In this analysis Xpwill denote the brake piston linear 
displacement. The pistons, rotors, and stators are treated 
as a single mass system in the axial mode (XP direction). 
The forces acting on the brake mass in the axial mode are: 

a. Brake actuation force: equals(brake pressure) x(piston 
area) 

b. Force due to axial restraint 
c. Keyway friction force 
d. Brake piston seal friction force 
e. Brake return spring force 
f. Brake piston bottoming force 

Figure Al shows the brake system and the forces acting in 
the axial mode. Each of the axial forces is established as 
follows: 

a.  Brake Actuation Force 

The brake actuation pressure Pe is received as an input 
from the hydraulic system. The brake actuation force is 
given by Pe Qe?  , where fl0p  is the total brake piston area. 
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b.  Force due to Axial Restraint 

The axial restraining force reflects the elasticity in the 
brake discs, the back plate, and the piston housing and is 
a function of their cumulative displacements. A way to 
derive this characteristic is from a curve of brake volumetric 
displacement vs. brake pressure. This characteristic does 
not include friction or return spring effects. 

Let fe  denote the force due to axial restraint* And be 
defined by 

(l.i)    Fe* Fe\ + Fez 

(1.2) Ffii - SCei (X.o-iV,) f De« Xf       ,* fa ki>/ 

o /A KP + SBI 

(1.3) Fez - fCezU^-fez) +VBIZP    SP Kt± Sei 

c.      Kevwav Friction Force 

Let the keyway friction characteristic be defined by a 
function, <q> ,  as shown in Figure A2 and expressed 
mathematically as: 

(1.4)      (Jpr 

< o<o IPXP=O 

"/»0 ir -\/FS ^ Kf 
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Figure A2 Keyway Friction Characteristic 

The brake torque, Tsr ,is tranferred to the wheel and tire 
through the rotor keyways. Torque, TeT , is also 
transmitted to the axle. The major portion is transmitted 
through the stator keyways. The remaining portion of the 
torque is transmitted as piston side loading which results 
from friction between the pistons and the pressure plate. 
Let 100 Hm   denote the percentage of brake torque transfer- 
red through the stator keyways and let 100 He* denote the 
percentage of torque transferred through the pistons. 
Naturally, Hei + He* =• I. The normal force on the 
stator keys is thus Haifa\/Rei ,      while the normal force 
on the rotor keys is \Ur]/Rso.    The total keyway friction 
force is then given by 

(1.5) FKP = |T8T| GF MK (H$i/Rn * i/Xe*) 

d.  Brake Piston Seal Force 

Let Fo* denote the seal fricticn force. Then 

(1-6)  FÖR = Qf ( More • He?P ft • \Ttt\M*" HSZ/RA^ 
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e. Brake Return Spring Force 

The piston return force Fes is given by 

(1.7)  Fö«= FBR* * Ce*. XP 

f. Brake Piston Bottoming Force 

In the brake released condition, an axial fore, is 
developed between the pistons and housing to balance 
return spring preload. This piston bottoming force 
is defined as: 

(1.8) Fe$~f-C6B(Xe-Sad)-Daa  Xf    roi X?-S** 
to ro*. Xf^SaB 

This concludes the discussion of the axial brake forces. 

Let RMR.   be the number of rotors.    Let  VVs be the 
relative angular velocity between the rotors and stators 
as received from the wheel and tire system.    The brake 
torque T$T   is then given by 

(1.9) Tsr= 2RH* fe R*TyUs 

Where ^Us   is: 

I ~^/e, -SS02 e*"* * sf   Ve<0 

Where \/g    is: 

0.11)      Vsr RerWs 

Summing the forces in the axial direction yields: 

(1.12) WeEXp* ?efl9f>-Fe-FK*-Fe*.-F0* *Fee 

In Equation (1.12) Wee is  the brake mass which experiences 
axial motion. Generally, W&  is the brake heat sink mass. 
Figure A3 shows the relationship of the brake system 
equations. Table A2 lists the system parameters. 

96 

ftLUü4UÜMit24bäUibifa 4 it it i'iMJwilMfif"fti a^jtitia, ,«ftii»-ittM^Win^,;frith^^i^.>.^^ - - —-^ 



§ 
u 
«8 

Q 

tu 

§ 

5" 

CO 
0) 
< 

(0 

CM 

97 

t.aia^M^^.-^^^ij^^.A.,.«^^ 



B. Parameter Evaluation 

Figure A4 shows a plot of brake piston displacement as a 
function of brake application pressure for a new brake. 

ro 

<u 

o 
> 

u 

10  \Z       14-  14 18  20 

Brake Application Pressure (p«'0 XlO"z 

Figure A4 Brake Pressure Volume Characteristic 

Assuming that no frictional effects are 
present, COR and C0, can be derived as follows :Since the initial 
slope is due to spring return force only, then 

(1.13) CBR =/A£)AgP =/§0U 13.3 )* = S85Ö  lb/in 

From the other slope on the curve, 

(1.14) CBl   =/4?Ußp   = /j±Z?\ ^13.3^9050 

For a new brake C Bl - o. 

= tc.20*\0   iy/ln 
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• •••.»nw^iWWWIB 

Assuming that the discs all move together, since the heat 
sink weight is 138 LBM, then Waff - 138/386 - .358 LBF 
SEC^/iN. The natural frequency is then tUn - fl>/<* 

Assuming that ?l     • .01 (see page 117), 

(1.15) Osi - yCe\  Ä Qot)(6.2x/0S)   s ^.7f JbF sec/,» 

It is assumed that Xp - 0 when the brake pressure is 100 
psi. Thus 

(1.16) FBP9* ABPPS= (/S.3)(/<X>)=: WötoF 

3 
Since the brake piston displacement is 1.55 IN before the 
brake discs come into contact, then Sei   - 1.55/13.3 » .1165 in. 

Since the F-lll brake has 8 stators with 14 rubbing surfaces, 
Het    cannot be greater than 1/14. A conservatively high 
value of Hai -.05 has been assumed and it follows that 
He* - .95. 

The brake piston seals are equivalent to MS28775-219. The 
seal friction force is established using the procedures 
described in Reference 4. The seal sliding friction force 
is a function of rubber compound hardness, amount of in- 
stalled compression, length of rubbing surface, seal groove 
projected area and applied hydraulic pressure. For the 
MS28775-219 size seal having 10 percent installed compression 
and 70 degree Shore A hardness the sliding friction force is 
2.88 lbf plus 0.02 lbf per psi applied pressure per seal. 
There are 10 pistons in the brake housing; therefore, 

(i.i7)    HOFC « do)U88)* ?e.a ibf 

(i.i8)    wofp = 0o)(ao2)* o.zo ibf/ps/ 
Conservatively high values for the friction coefficients J/K 

aadM^  are estimated as MK   m «15 and^«9 " -10» GJM is 
es time, ted to be 1.50. 

Values for the following brake dimensional characteristics 
are then from the appropriate brake component drawings: 
RBI - 4.40 IN, RBT - 6.25 IN, and RBD - 8.25 IN. 
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Observations of braking stops indicate that for an 
average F-lll brake lining, 

UB, - .15 

U-82 - .10 

«B 
= .03 SEC/IN 
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2. liRAKE ACTUATION HYDRAULIC SYSTEM 

the hydraulic system is the brake actuation power source 
and is made up of the four components as shown in 
Figure A5 : the pilot's metering valve, the antiskid con- 
trol valve, «.ne control line, and the brake piston housing. 
The pilot's metering valve is a pressure regulator, usually 
having a mechanical input, which has a steady state output 
pressure (Pmv) at a level commanded by the pilot (Pcom). 
The antiskid valve is a pressure regulator which has a 
steady state output as dictated by the antiskid control 
device* For a modulated antiskid system, the control valve 
is a variable pressure servo type regulator and for an 
ON-OFF antiskid system the control valve is an ON-OFF valve. 
The control line is simply the fluid transmission line or 
containment vessel connecting the control valve to the 
brake housing. The brake housing is a collection of 
cylinders and pistons which act to compress the brake discs. 
From a hydraulic system aspect, the control valve is a 
variable area orifice, where the orifice area is a function 
of spool position. The control valve spool position is 
received as an input from computations described in a 
section devoted to the operation of the control valve. 

In the description of the brake actuation system, there are 
two principal effects which should be accounted for. Th». 
first is the time lag which exists between the control valve 
output pressure (Pcv) and the actual brake pressure (Pb). 
This lag is caused by the fluid's resistance to flow due to 
inertia and friction and by the brake pressure's dependence 
upon fluid volume within the pressure cavity. The second 
effect is the instantaneous brake pressure intensity as 
influenced by fluid inertia and the combined elasticity of 
the fluid and the pressure cavity. Rapid vaive operation 
can cause pressure overshoot and oscillation due to 
"water hammer" effects. This overshoot can cause excessive 
brake torque and may interfere with proper control valve 
operation. The pilot's metering valve pressure drop and 
response characteristics are included in the actuating 
system description so that these effects upon antiskid 
operation can be examined. To allow for a variety of brake 
actuation systems which might be encountered, provision Is 
made to accommodate both hydraulic and pneumatic actuation 
media. The line connecting the control valve and the brake 
can be treated as a separate fluid cavity or the effects of 
its volume may be lumped with the brake as would be appro- 
priate for a short line. 
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A.  Mathematical Description (Options 1, 2 and 3) 

Figure A6 is a schematic of the brake hydraulic system. 
The analytical procedures of References 5 and 6 are 
utilized to mathematically describe the system. 

Let PPQM denote the brake pressure which is commanded by 
the pilot and define PQOM sucn tnat *•* increases from a 
minimum value, PR , (reservoir pressure) to the desired steady 
state value Pcp, as a linear function of time over an 
interval, TCp, as follows: 

(2.1) Pco«\-- T(?c*-P*)/Tc9 *P*       I* o*T*Tc* 
PCP IF TCP<T 

The metering valve attempts to maintain P^ at the level 
of PCOK* The metering valve spool displacement X^y is 
defined by equations (2.2) and (2.3). 

(2.2) Vm -     <$mV {Pcem-fm«) 

(2.3) %v -        r^w £ 0^ y^J ,f 5M„y * Xm„ 
•s   VMV if Stnrt.* Kmtf^Smvt/ 
£    ^< [ öj VMV} JP   Xm* ^ SmVt. 

Let ^<XJv/> be a function defined as follows: 

(a) For hydraulic fluid 

(2.4)   $u,v> * S76W (x-v) V/x-Yf 

(b) For compressible pneumatic fluids 
ft 

(2.5)  ,rx>Y «IN| X*>/fle*iT     warn AW•&(&•$ 

ip r>X   «W  K^ x/ßc«»r 
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Let Afc4v<*> be defined by: 

(2.6) A.vw<*>   =    fAMvo ^-<*SMVO 

Let AMVS andAMVR  be defined by: 

(2.7) Ay,vs c  Afov^ ^r^v/ 

(2.8) Ajviviz. - AMVV ^MV/ 

Then 

(2.9) Qs =  A^vft ^<ß>Pf4V> 

(2.10)Qe.^ A,vlve^<PM/,^> 

Let VMVv bo the fluid volume from the output of the meter- 
ing valve up to the   input   of the control valve. 
Then 

(2.11) PMV =  (BMV/VM^XQS -9ß -QMV +-Qcvi ) 

Let ACv<*> he defined by: 

(2.12) ACv<*> -   /Acvo '^X^SCMO 

Let Acvs and ACve "oe defined by 

(2.13) Acvs  -  Acv^^cv-ScL> 

(2.14) Acvci '   Acv^Sct- Xcv> 

Then 

(2.15) 6?MV  - Acv5 0'^ PI*IV ) Pcv> 

(2.16) Qciz - Acve ^ < Pcv > Pcv* > 

(2.17) PCVR  = ( ßcvß. / Vevfc)(Qcvi2 -QRC tQCyj ) 

(2.18) Gk  =   A/2C^<PCVR.J Pp> 
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The volume of the cavity occupied by the brake actuation 
media is established by equation  (2.19)  as follows: 

(2.19)    VB -VöO +flw>sXP 

Three options for the control line mathematical description 
are provided to cover a  variety of circumstances which may 
be encountered.    The third option is representative of a 
typical aircraft installation and is used in analyzing the 
F-lll system. 

The first option is  for a control line with hydraulic fluid 
considering volume effects only.    This option will not pre- 
dict "water hammer?'  but is satisfactory for many cases, 
particularly for the case of a short control line 50 inches 
or less  in length.    The following equations describe the 
first option: 

(2.20a) Qcv = Qmv -öcv* +Qcvt 

(2.21a) pcv   »  (BB/V*) LQCV-JBPSXP) 

(2.22a) ft,  s   pcu 

(2.23a) p0  ,   pmi 

(2.24a) Qe   =,  Qcs/ 

^he  following equations are applicable to the second 
option for the control line using compressible pneumatic 
fluid. 

(2.20b) Qcv, ÖM^-ÖWÖC« 

(2.21b) Rev =  (BB/4) (GCV - Pc» f\epsk?/ße) 

(2.22b) pBl9 pCi/ 

(2.23b) pa .   p0I 

(2.24b) Q6 5 QCi/ 

107 



"7© Sä. ^=S^H 

rZ!.^ * 

«2f 

J- 
Wcv v/=v   vk* A Xf A x ? 

Note: Substitute partial equation flow diagram 
below for control line options 1 and 2. 

options   1  & 2 
control   line 

JfkPcv    Y<?MV VQevtVQc* 

Pev If 

I 20 Qcv 

'~C 22 •^*&n    |    r— 
/Vv AX?   i VB 

c= 

Figure A7 Eydraulic System Equation Flow Diagram 
for Options 1, 2 and 3 
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The third option is  for a control line with hydraulic  fluid 
where both volume and inertial effects are considered and 
is described by the following equations: 

(2.20c) Qcv = (foL/tHoSmXß*'&' DRSLQCW -Drai Qcv\Qcj}) 

(2.21c) fa -   (6$L/faXQm*-Qcr*-Gc*+Qc**) 

(2.22c) hi -~ (Au/ti*&Q&-Q& 

(2.23c) #5 =>  ^jö f <Peiy Pe) 

(2.24c)      /£   =r    (ßs/^(Qg-/?SSskl>) 

An Option 4 Hydraulic System is described to provide a 
simplified mathematical description of the hydraulic system 
wi:ich does not account for metering valve transient spool 
movement.  For this model the metering valve is assumed to 
be full open for hydraulic flow the the brake and fully 
closed for hydraulic flow from the brake« Hydraulic flow 
direction and amount is established by control valve spool 
position as shown schematically in Figure A8.  In addition 
the brake piston velocity is defined as the brake hydraulic 
flow rate divided by the piston area so that the hydraulic 
volume is the integral of the flow. Option 4 hydraulic 
system mathematical description is developed as follows; 

PR PMV    "*1 * CV 

QCVR \ 
\S 

z. 
Xß 

G>ö 'a -A/W 

u 

Figure A8  Option 4 Hydraulic System Schematic 
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Let Pep denote the brake pressure which is commanded by the 
pilot„    Let P/Ai/ ,  metering valve output pressure increase 
from a minimum value, /%, (reservoir pressure) to the desired 
si.eady state pressure, Pcom  ,  as a linear function of time 
o/er an interval, TCP ,  as follows; 

(2.Id)      PMV* T(PCP-PR)/TCP +P*      /FO±T±TCP 

a    PCP It*     T >TcP 

Let the brake pressure, Pa ,  be a function of brake fluid 
volume as follows: 

(2.2d)     Pß^PsttPaz 

(2.3d)     Pet = Pmi *• Cavi i/g        rp ö -VQ-Vgc 
' o ,r- l/s> \Zg± 

(2.4d)        paz ^ P0RZ f £BVZ ]/Q fa 4 !/ 

=   ö //=  0 \fa±\/& ßc 

Let the control valve flow area for brake application, Aofs , 
be defined as a function of spool relative position: 

(2.5d)   fas*     Acssc iFi&ScK 

In a similar way,  let the control valve flow area for brake 
release, /!cs/l, be defined as follows: 

(2-6d) fat - fato IP Xc/^fm 
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Then: 

(2-d)       £„, * ^^ j/<f ft,^   ^> 

Where the function ^ is as previously defined by   equation 
(2.4) 

(2.9d) Q$ r   $wt/ -$^ 

(2.10d)        /# -J QQ 

For compatibility with the other hydraulic system options 
as they interface with other systems,' 

(2olld)    PcyJ  - Pe 

<2.12d)    PcVA =   PR 

Figure A9 shows the Option 4 Hydraulic System Equation 
/low diagram. 

In this study the brake system hydraulic supply pressure, 
Pg, is treated as a constant.  If Pg varies significantly 
due to operation of other aircraft hydraulic system equip- 
ment, this variable pressure defined as a function of time 
may be used. 
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B.   Parameter Evaluation 

For this study the third optional control line description 
as applied to the F-lll is of primary interest.  For this 
case MIL-H-5606 hydraulic fluid is used. The hydraulic 
fluid properties for a mean temperature of 100°F and 1500 
psi are: 

(1) Adiabatic bulk modulus: 8- 248,000 psi 

(2) Density: /?*©*. 781 x 10"4 LBF SEC2/IN4 

(3) Kinematic viscosity: V= .0267 IN2/SEC 

The system supply pressure is 3000 psi and the return pres- 
sure is 100 psi. Initially, all flows are zero and all 
pressures except the supply pressure are at 100 psi.  The 
pilot's input command pressure PPQ^ is also 100 psi.  The 

pilot's input PCOM wil1 8° from *°0 t0 i500 Psi in 0.2 
seconds.  Thus Tcp =0.2 sec and PCp = 1500 psi. 

Metering Valve 

When the metering valve spool is centered, the flow area 
is essentially zero for both the return and supply lines. 
In this spool position XMVS 0.0.  From equation (2.3) the 
spool is constrained to stay between SMVL and Swvu. 

For the metering valve, S/ni/u  « - .06 in andSmJu*  .06 in. 
However, when X«* is at + .05, the valve «rea has reached 
its maximum for the flow Q%. When Xt>v*> - - .05, the area is 
maximum for the return flowÖ*. Thus -W* - .05. By actual 
measurement, with the valve full open (area - fimvo ) at 100° 
F, the flow is 9.23 in^/sec. at 200 psiAP. Thus from (2.9) 
or (2.10), 

(2.25) /U* = Q./{kf* W]i*** *.&S (M4/tee)Ubt) V* 
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In the F-lll system, the metering valve Is situated next to 
the control valve so that the volume VjW is quite small* 
wJ   was calculated from the valve drawing as being about 
1.0 in3. Also» the valve body Is considered to be much 
stlffer than the hydraulic fluid so that the effective bulk 
modulus Is the fluid modulus. Thus» &*    • 248.000 psl. 
Grftf was estimated from analog studies to be about .05« 

Control Valve 

For the control valve, Xcv »0.0 when the spool Is centered. 
At this point the flow area Is zero so that flcst. - 0.0. The 
flow area remains zero for - .005 * Äcv*  ,005. Thus the 
valve has an overlap of .005 in. and So.   • .005. An addi- 
tional movement of .030 in. produces full area so Scso m  .030. 
By actual measurement at this position at 100°F, the flow 
is 7.7 in3/sec. at 50 psi A P. Thus 

(2.26) A&0~%/fKf*'7.?/'fe*= hole tfi>yirec)Lm) »/* 

The following values are estimates of the return character- 
istics of the control valve: Vei/« « 2.0 in3, Sen* « 248,000 
psi, fiRc - 1.0 inV(sec)(lbf)l/2. 

Control Line 

The control line is 1/4 inch outside diameter steel tubing 
having 0.14 inch wall thickness and internal cross sectional 
area, foe,  equal to .0386 in2. Because of the thin wall, 
the tube elasticity greatly reduces the bulk modulus. The 
equivalent bulk modulus,Äs, may be calculated from 

(2.27) 

a 
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Where B - Fluid bulk modulus 

E • Young18 modulus of tube material 

0 - Mean tube diameter 

t * Tube wall thickness 

Thus 
(2.28) BBL 

2+SOOO - =r 2/7,700 fin 

The control/line length, Sß,, is 191 inches with various 
types of flow restrictors according to the following table. 

Table A3 Control Line Restrictions 

Description "K" Value* Number n nk 

An815-4J Union .54 1 .54 

AN832-4J Union .54 1 .54 

AN821-4J Elbow (90°) 1.23 4 4.92 

AN837-4J Elbow (45°) .89 1 .89 

90° Tube Bend .01 12 .12  | 

90° Hose Fitting 1.25 1 1.25 

Total 8.26 

*Ah» KV /2g Where V is the velocity in the line. 

The "K" values in Table A3 were derived from information 
contained in Reference 5. 

Equation (2.20c) is the result of summing forces on the 
mass of fluid in the control line. The friction losres 
are depicted by a turbulent flow loss Dm Qcv      and a lami- 
nar flow loss Bast Qcv        It is assumed that all the turbu- 
lent flow losses come from elbows, etc., which are listed 
in Table 3. The loss due to the line itself is considered 
to be always laminar. This assumption of laminar flow for 
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the line is justified for two reasons: (1) the loss in 
the line is small compared to other losses in the system; 
(2) the flow is normally laminar anyway (Reynolds Number 
is less than 6000 for the F-lll system). 

For the turbulent losses 

(2.29)  AP -    fi^AW 

Kf> Vz/£ 

Thus 

(2.30) Drei-  Kf> 
Z LA*.) 

= *Z/l> /if sec*/,* 

For laminar losses, at temperatures normally encountered, 
the "oscillatory" friction is higher than the steady state 
friction.    See Reference 9.    The pressure loss can be 
written as 

(2.31)   A? -   Ru IL/A*)ä 

For the steady state case as shown in Reference 6, 

(2.32)    R^ 87rpy 

In Figure 10 values for this theoretical steady state RL 
are compared over a range of temperatures to values from 
Reference 9 which were experimentally established for 
oscillatory flow. Since the hydraulic flow in the brake 
control line associated with antiskid operation is transi- 
tory, the laminar flow resistance base on experimental 
measurements for oscillatory flow is used. 

i 
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Figure AlO Hydraulic Fluid Damping Characteristic 

From Figure A10 at 100°F ft. for the experimental oscillatory 
case is 1.5 X 10"4. LBF SEC/IN2 

Therefore: 

(2.33) Dm • (RL)(SB^   = (/.Sx,o'4Xi9i) 
'(**.? (.o3SG)z 

*   J9.Z2    (bfsec//#r 

When a "lumped parameter" type analysis as described by 
equations (2.20c), (2.21c) and (2.22c) is used for the con- 
trol line the resulting natural frequency is somewhat lower 
than the actual line, if the actual line volume, Veu , is 
used* The value of Vet   is adjusted as follows to achieve 
the correct natural frequency for the "lumped parameter" 
description. 
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Cori& 1 der hydraulic fluid flowing through a line with cross 
sectional area, >?, and divided into segments having equal 
length, S, as shown below. 

-*++ 

If each segment is treated as a separate pressure vessel 
having volume, V, with a flow in and a flow out, and if 
equations of the form of (2.20c) (2.21c) and (2.22c) are 
written for these pressure vessels, neglecting friction, 
the following expressions are obtained: 

(2.34) QZ=  (A/fS)(fi-P*) 

(2.35) P,   =   (e/vXQi-CLj 

(2.36) pz -_   (3/v)(a%-4i} 

By substituting equations (2.35) and (2.36) into equation 
(2.34) differentiated once with respect to time the fol- 
lowing differential equation is formed: 

(2.37)    at = f^)UA)C(«.-öO-fer-^i)J 
or 

(2.38) Qi+2(**//>S\/)Qi * LAB//>SV)(Q{>Q3) 

Equation (2.38)  establishes that the natural frequency of 
each line segment is: 

(2.39)     fn.J-fZ^L     c,s 

However, vibration theory considering distributed mass and 
elasticity establishes the speed of sound, C, in the line 
as: 

(2.40)     C -    f&/0 m/sea 
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For rundamental mode oscillation in a closed end Cube having 
length,5, the natural period,Tc, is: 

(2.41)  Jc  * zs/c       s*c 

Therefore, the natural frequency, ,<jn  > of an actual tube 
segment is: 

(2.42) ?n. i/Tc - 0/ZS)fa/p      CPS 

By equating the two expressions for natural frequency, 
equations (2.39) and (2.42), the volume of the line segment 
which will have the same natural frequency as the actual 
is established as: 

(2.43) V= 2Ar/iTz 

Thus, 

(2.44) VV - A. faSm. - (^(^JS&y/f/J - /WA** 

Brake Housing 

The brake housing has ten pistons of 1.33 in2 area each. 
Since the number of pistons serviced by one control line 
is five, then 4giv- 5(1.33) - 6.65 in2. 
The fluid volume in the brake housing with the pistons 
bottomed (Xp = d)     is 8.00 in3. Thus Vso  - 4.00 in3 or one- 
half the total volume. The orifice coefficient flg& was 
estimated to be about 2.0 tit4/sec /Aß//Mf. 

• 

Optional Systems 

The option 1 system neglects the line inertial effects. The 
parameters have the same value as the corresponding parameters 
for the option 3 system, escept that vV<? should include any 
line volume. Thus, for the F-lll system, with the option 1 
system, Vic s 4oo + .0386 Lift)  - /AM "** 

The option 2 description is used for systems with compressible 
pneumatic fluid. The appropriate parameters will be evaluated 
for nitrogen at 100°F as the fluid media and isothermal 
processes are assumed except for orifice flow calculations. 
While the heat transfer characteristics of the brake 
system components have not been rigorously evaluated, the 
usual component installation is such that assuming isothermal 
processes is valid. The mathematical description of the brake 
actuation control system using compressible pneumatic fluid 
is written using equations of the same general form as for 
those describing the hydraulic system, thereby minimizing the 
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the number of equations and enhancing computation flexibility. 
Utilizing the hydraulic equations when pneumatic fluid is used 
requires that the appropriate parameters be expressed in suit- 
able mathematically equivalent terms. Consider the character- 
istic equation of state for a perfect gas: 

(2.45) p =  MftT 
V 

And the definition: 

(2.46) _-_--_ rWJF+Jf3? 

For the assumed isothermal process» substitution of 
equation (2.45) into equation (2.46) gives: 

(2.47) p *(sf\m  -IßT)*  tf 

For those cases, such as for the metering valve and control 
valve pressure cavities, where the volume is not changing, 
V  is zero and equation (2.47) reduces to: 

(2.48) P*ft£\m 

For hydraulic fluid, P is described by equations having the 
form of equation (2.49) below.  (See equation (2.11) for 
instance.) 

(2.49) h (f)Q 
Noting the similarity between equation (2.48) and equation 
(2.49) it is obvious that if RT  is used in place of 3   and 
if m   is used in place of $, the "Hydraulic" equations c*n 
be used for computing performance of a system using pneu- 
matic fluid. Thus, B8 - ßcv* - Bmv » RT. Q 
For nitrogen R - 662.4 IN \i?/tbm°F        and at 100 F 
RT - (662.4) (460 + 100) - 371 x 106 m  Ibf/ftm. 

Since P/RT - M/V, equation (2.47) can be written as 

(2.50) P-(j$Pf£)*j 
Equation (2.21b) is obtained by substituting Be  for RT , 
flßps XP   for \/   , and Q foxrh   in equation (2.50), thereby 
accounting for the change in brake volume caused by piston 
movement. 

Equation (2.51) below, from Reference 6, describes the mas? 
flow rate of a gas from a container having high pressure, 
PH  , through an orifice of area,/?0, to a convexner having 
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low pressure, R. 

(2.51) m = (CoA< i <2GCf *m * 

Hi *) 

Equation (2.52) below, from Reference 6, describes the 
volumetric flow rate of hydraulic fluid through an orifice 
under similar circumstances. 

(2.52) Q=Co*o(f^)/ A-Ä 

Both equations (2.51) and (2.52) can be written in the form 
Q,*/}rf<Pn,fL)        where fKP^n)     is a flow function as 
defined by equations (2.4) and (2.5) tor the appropriate 
circumstances and where flFis a flow coefficient accounting 
for orifice and fluid properties. For the case of hydraulic 
fluids a value of Co 'f2/p*/0&S /**//&? y%sec  has been 
established by experience as being representative of an 
average orifice (i.e., Co*fc 0.65). The metering valve flow 
coefficient, /Wo , previously computed is 0.653 mA/sec /bf,,%\ 
therefore, the apparent actual orifice area, /?<? , for the 
metering valve is Ao^0.6S3//o3.S'= , tS/x/o"2- /*!*•    . 

For the case of the pneumatic system with nitrogen at 100°F 
as the working fluid and using Cp =  2300 in lbf/lbm? F, and 
R - 662.4 in lbf/lbm °F: 

(2-53) Am#>  = Code, TiZGCe v Z   '   r 

-   0.t3*\o~3   \b„ tr\X/lbt jec 

Using the same procedure establishes that: 

Ac*o = O. 7/£ x)0~* lb» i**/tbf sec 

/lac   -  O.6S8*i03   ibm >nz/\bfsec 

Table A4 lists the parameters for Hydraulic System Options 
1,  2 and 3*    The parameters which apply for the Option 4 
Hydraulic System are listed in Table A5. 
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3a  VEHICLE AMD WHEEL STRUCTURAL SUPPORT (FLYWHEEL) 

Figure All shows the model for the airplane system as it 
might be simulated with a dynamometer flywheel set-up. The 
mass Wfl   is supported by the tire and is determined by the 
percentage of the airplane weight carried on one main gear. 
The mass W/m  represents some part of the airplane structure 
which could vibrate in sympathy with certain ground discon- 
tinuities such as wing mounted fuel tanks or armament. The 
forces FLO   and FAL  act on W/» because of gravity and 
aerodynamic lift, respectively. 

A.  Mathematical Description 

The shock strut stroke is denoted by Zsm • 
This stroke is determed by £ and Zwm* 

(3a.1)  Zsm = Z"M-Z  +i"/»<SL 

(3a.2) ZSM = ZWA» -i 

The shock strut force FVM is given by equation (3s.3) 

( 3a. 3)       FVM - FVMS < ISM} *DVM ZSAI +Am <ZSM)ZS# \iim\ 
+ Owne   GM^ £S*)> 

Where Gm<*>     »   + »•* Fo*   X>0 

0 FOK   <5 o 

s   ~ l'O F0&    i < o 

Let ZGO and ZGOP denote the height and slope of the ground 
(or flywheelsurface). Let Sm denote the tire deflection. 
Then Sm and Sm are determined by 

(3a.4)   SAO = max ( aoj Z<so <XF> "ZW/V»   + ROTJ- 

(3a.5)   SIA  = Z<w<Xf>>Vfc -£*»> 

The force FP/M acting vertically upward on the tire is then 
given by 

(3a.6)     F«m- Sm (CMT + D»T £») 
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Figure Al     Flywheel System Model 

130 

**M**:i*lAl*^,«V»^»ui~2^M^,.-, Mna^u^irtiito- .1 «iihi»tatomTlM<Wn«.f-.,..-iviW.wirikrilrtViV-m „.»» a,J.,.«.^ -.»—: fiiifr*ainMBii^-rii r.iäj,—••--•• -•--•-•--•• - '•• 



-VW,-..-:...,..- ...„.._,... .„.,..., „...,.   ........... «p -,•««•'«"•'»? 

Summing forces in the vertical direction on the unsprung 
mass Wwv , there follows: 

•• _   _ 
(3a.7) WWy C-WM " 'NM ~* 'VM + '&RV 

Where FiRV     is the tire unbalance force. 
For the mass WAÄ ,  summing forces vertically gives: 

(3a.8) WAR"£AR =  FAR 

(3a.9) FAR = CA*(H-**•)+•  DA(2(2-2Afc) 

The aerodynamic lift and drag forces F^L  and FiD  are 
defined as follows: 

(3a. 10)  FAL= CALVF
2 

(3a. 11) FAD = CA0 VF
2 

The equation which determines Z   is given as 

(3a.12) (WA-WAB)H *   FVM + FAL-FLP -£, 

The equation for the flywheel velocity is given by 

(3a.13) WAr Vp • FTH  - FAD - 2 f>T 

yhere Fj-H is a force equivalent to engine thrust and Wgr 
is the airplane mass. The aircraft's longitudinal dis- 
placement is established by 

(3a, 14) XF = ( VWr + X FO 

The equation flow diagram for the airplane system 
(flywheel) is shown on Figure A12. 
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B. Parameter Evaluation 

Shock Strut Characteristics 

Figures A13 and A14 show the main gear load and damping 
characteristics for one gear. 

O   2   4   4   S  10  (2  14-  16  18  20  22  24-  26 23     30 
Stroke H5M(in) 

Figure AL3 Main Gear Damping Curve 

'o 

x 
-0 

8  IO  12  14-  )6 

Stroke £*#*(*«) 

Figure A14 Main Gear Air Load Curve 
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Vertical Tire Characteristics 

In equation (3a.6) it ha« been assumed that the tire loading 
characteristic is given by an equation of the form 

(3a.15) F*S(C + 0S) 

Let the following terms be defined for a tire: 

F* - Rated load 

P« « Rated pressure 

S* • Rated deflection 

If P is the actual pressure, then obviously the tire spring 
rate, C , is 

(3a. 16)  C=LL\I£*\ foils*/ 
From reference 1 (Equation 132) the damping force, F0    , 
is established as: 

(3a. 17) Fo -foe) S 

It is assumed that the damping force is related to the 
undamped natural frequency at rated conditions. The un- 
damped natural frequency,^' , is established as: 

(3a.18) u>*fE~>fE«G-    « fs 

Where G - 386 IN/SEC2. Also from Equations 137 and 138 of 
Reference 1: 

(3a. 19)     fl- 2VA/b*W?$i 

Where        ^ - 0.\. 

The main landing gear shcck strut linear damping coefficient, 
DV/A, is set equal to zero for the example problem. 

The unsprung mass, VVW, experiencing vertical motion is 
6.44 lbm. Thus, Wwv - (644)/386 - 1.667 lbf sec2/in. 
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r • 
As previously assumed    in Equation (3a.15),   ho = SOS 
Equating the two expressions for F0 at rated deflection 

(3a.20)    H£_ = 5nD 
LAJ 

Or 

(3a.21)    D =   VC    =   HFk 
VPA)>6 

For the 47 x 18 - 18    26 ply rating F-lll main tire, 
P^Pfi*      150 psi 

*X * 38,100 lb.  and 5*   - 4.00 IN. 

Thus 

(3a.22)   Cmr- /M/£L\ = ft*»)«?/*»)    .   g^ /fcf/ W 

(3a. 23)     Q*T.i£\lnF* 
<5 

Jjs£(.i)L38ioo) n/TTo   a   MZ+ Msec//«* 

Aircraft Characteristics 

For the example problem, an airplane weight of 57,000 lb. 
is used.    The static vertical load on one main gear is 
25,200 lbs.  so that 

(3a.24)      vV*= 2S,2oo/6 =   6Sto Ibf secz/w. 

For a velocity of  VF   m 24-00 IN/SEC and a representative 
tire-to-runway braking coefficient of .45 at the main wheel, 
the tire load is 21,400 lbs.    Thus   FLO  - 21,400 lb. 

The total aircraft mass is  W*r = S7000/G = /4-7.8 Ibf sec*//*. 
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The mass WAe is used to simulate some airplane resonant 
effect. For illustrative purposes, it is assumed that 
WAR " 1000 LBM * 2,59 LBF SEC Z/IN and has a natural 
frequency of 12 cps. Therefore, since OJ = arr(i2) • 75.4- rad/soc 
and k. = rvjoo1-, 

(3a.25) CAß "   CU*WAJJ. =      (7J.4)2(2.59)  =    14,720 it/m 

Using 3 percent critical damping gives 

(3a.26) DAR * (.03) 2 V^AC WAH = 

s   C.03) Z>iC/V20)C2-^   =   H.72/bsec/tn 

The initial conditions are calculated for equilibrium. 
At time » 0,   let Xf - 0 so that   2^0<XF> =0 
since ZÄ0<0 >     is always 0.    Let VF0    - 1200 IN/SEC and 
assume that CAL 

r- CAD = 0 

From equation (3a.6)^ 

(3a.27) Sm =   F„M/C„r =  Z6ö#o/sS3o  =      £.7^1» 

From equation (3a.4)? 

(3a.28)  £wMO =    (O-Z73H?<?z)1s<Z0.y?'A> 

From figure A l4 when   FyMS 
a  2^0*0   ^. 3 

?SM   * 23.98 in and from equation (3a.1), 

(3a.29)   £0= £*«« -£*/* *-J*4fc»,2ftX*-tt»*0Ml a 80.0 /*. 

Also   2-Ae.o =   ^o =     8ö,0      ^ . 

For the example problem the effects of aerodynamic 
forces are not included in the flywheel simulation; 
therefore, CAD  • 0.0 and C*<-  » 0,0. 

The unsprung mass moving vertically, WW , is the 
same as WGW described in the Section 4a Wheel and 
Tire System (Flywheel) for horizontal motion. There- 
fore, \Nw  "1.60 lbf sec^/in. 

The average engine idle thrust is 1000 lbf. 
Therefore, FTM - 1000 lbf. 
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3b.  VEHICLE AND WHEEL STRUCTURAL SUPPORT (3 DEGREE 
AIRPLANE SYSTEM) 

The three degree airplane system is built around a rigid 
body airplane which is allowed to move vertically, hori- 
zontally (parallel to the runway centerline), and rota- 
tionally in the pitch mode. This model provides for the 
interaction of the anti-skid system with those effects 
which are related to airplane pitch. This includes such 
pitch effects as change in the aerodynamic lift, drag, and 
moment due to change in wing angle of attack, change in 
the aerodynamic lift, drag, and moment due to changes in 
elevator deflection as dictated by the stability augmenta- 
tion system (pitch mode), change in tire loading due to 
braking pitch moment, and the effect of ground slope and 
roughness as reacted through both the main and nose gears. 

A«  Mathematical Description 

Figure A15  shows the three coordinates which describe 
the airplane position relative to reference points on the 
earth's surface«, 

Figure A15 Airplane Coordinates 
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Figure AL6  shows the gear extended dimensions as mea- 
sured in the airplane's water line-fuselage station refer 
ence system. 

Figure A16   Airplane Geometry 

Let £&D<*> denote the runway profile height and let£6£>p<x> 
denote the runway profile slope. 

Nose Gear 

Let Zsw and z_Sw denote the nose strut .stroke and stroke 
velocity. From Figure A17 , ZS(J and £SN are given by 

(3b. 1)   £sw s   ZLww"*" ^vw ~ c.  ~ oHKjQ 

(3b.2)  isw*   Z*JU ~H   - ShWQ 

The nose gear shock strut force is then given by 

(3b.3) PrN =K^<UJ+DmZz„ + Km<Z±H) 2SN; |Z«J 

FjjW, the normal ground force at the nose gear is given by 

(3b.4) FNW = SM (C^r* DMTSU) 
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where Sw is the nose tire deflection,   Sw and S,j are given 
by: 

(3b,5) Sw - »r»ax \ o.o^ Z,^\XWN) +KQTU ~ Z-w» j 

(3b,6) Sfj -   Z-6DPSX\WN/ XiA/tj " t-ww 

Summing vertical forces on the nose wheel, 

(3b, 7) Wwu Z-ww ~ ^K>K) "* »VK» 

(3b.8) FD>, r ^feßK* HaKi 

Main Gear 
• 

Let ZsM and £$M denote the main gear stroke and stroke 
velocity: 

(3b,9) £SM ~ 2WM-Z+SVM + SHMQ 
, ' * • 

<3b. 10)"2** s LWM -Z   ^SHMQ 

The main gear shock strut force is given by: 

(3b.ll)FVM - F^s<^M> + DvMZsM'f'Av^<£sM>2sw|^ 

+"    (MhC    Örvt </ lfm} 

Let S/n denote the main gear tire deflection.    Then the 
tire normal force is given by: 

(3b,12)FNM,=   S^CCMT + DMTSM) 

(3b. 13) SM =   ma* \ ©•© 3 ^st^X^*.) ^^OTM ~2tvivi J 
• * * 

(3b.14) 5^ =   2.&pp<X/^x^X/^x    - £w^ 

Summing vertical forces on the main wheel, where FORJ is 
the vertical component of the tire unbalance force. 

(3b, 15) WWIA 2.1V/w - FM^I - FV|M t röev 

Figure A18  shows the model of the main gear. With the 
assumption that the gear weight is much less than the air- 
plane weight (that ISJW^WA), it follows that: 

(3b. 16) WusL§fr - Fu Sek ~ ^(SöK+ZfrJ -Ts 
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Figure A18 Main Strut Model 

where Z.6L is determined by: 

(3b.17) Z«L 
r S6L- l5M 

HDa ccn then be computed by summing moments about the CG, 

(3b. 18) FDa * C F^ £6L +- Ts )/SÄu. 

where 

(3b.19) Fa- SG*(Ca(Q-eJ + D^o-ej) 

Ts and F& are outputs from the tire and wheel system. The 
horizontal axle reference location is denoted by X^x. X'AX 

is given by: 

(3bo20) XA, = X - SH*i + ( S^ + Z6u ) Q& 

(3b.21) XA* = Xt(S6i,tg6L)^ 

144 

^^L^.*^,-~^^~*I~^^*~~^I*^* ifcuiiMwWiitfiM •MifBiTiiiirtmahiiifc^fMiniii^ 



Thrust 

Referring to Figures A16     andA17   ,  if FJ-H is the thrust, 
then 

(3b.22) FTHV =  FTH(^TH^Q) 

(3b.23)TTH  =  STH p7H 

Aerodynamics 

The dynamic Air Force QA   is given by: 

(3b.24)   QA =   ^AetF^HA/^SS.o 

The aerodynamic lift,  drag,  and moment are then given by: 

(3b.25)   FAL = CALQA 

(3b.26)   FAD  s CAO(?A 

(3b. 27)   "TAM = CArvi(?A 

If <*W denotes  the wing angle of attack relative  to the air, 
then: 

(3b.28) <xw   = <X0 + Cl80/7r)(Q -2/XJ 

Let SHT denote the horizontal tail  deflection.    Then the 
aerodynamic coefficients are given by: 

(3b.29) CAL   - GAL + Bftt<*w -f cAtS„T 

(3b.30) CAD * &AD + BAD^W -t EADSHr 

(3b.31) Ct\^  ~ fertm + BAM^W * E#m ^HT 

Dynamics 

Referring to Figure   Al7, 

(3b.32) wA'i = FAL + FTHV-wAG+a.rm + FvN 

(3b.33) WA X = FTH - FAD + 2 FDU - 2 Fu. - FDW 

(3b.34) WXQQ= rvWSriNj-2F,MSHM t2FDl4Sv«ia ^TTH 

"*" TAM " ^ Fit, w&u. * SV/MU.) - FD|o \i -Z6D>XuwW/ 
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where 

(3b. 35) XVVM = X + SHW *» SVK)Q 

(3b.36) XWKJ= X * SvpQ 

Figure Al9  shows the system flow diagram. 

B.  PARAMETER EVALUATION 

Shock Strut Characteristics 

Figures A20 and A21 show the nose gear load and 
damping characteristics. 
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Figure A20 Nose Gear Damping Curve 

10 12 

Nose Tire Characteristics 

See also page 135  of the flywheel system. The 22 x 6.6-10 
16-ply rating nose tire has a rating of 9150 lbs. at 190 
psi. The a flection is 1.50 inches. The operating pres- 
sure is 190 psi. Since these are two nose tires, 

(3b.37) CMT = (M5 ( »12 \ (7)(9fgo) 
K\90J     i\.SO) 

\2}200 lk/tn 

147 

,..-..: •-•  ..,.,„.••.. •••^»•--••'  -•--•-•     _^.. _,._   y ••iiUMWMrrir'i1    urn lMn.rfiiilliiM MjMihaii^».g«^^.«r<a>im»'*«ir.i«r-Jiniifcfifiiiim ii'i mm mi'TiaHiltim :liinniiri •»1111 BlW 



W 
10 
X 

<n 
2 

0       2      4-      6       8      10 

Stroke Zsu0») 

Figure A21 Nose Gear Air Load Curve 

Since ^ - 0.1, 

S"0.b Ik ^c 
»n 

The nose tire rolling resistance coefficient is Ug&u • 
.020 and the unsprung nose tire mass (mass of tires, wheels, 
axle, and lower shock strut) is WWN • 175/386 - ,453 LBF 
SECT/IN. The nose tire undeflected radius,ReTtf, is 10.8 in. 

Main Tire Characteristics 

The main tire undeflected radius, /?*T»I, is 23.32 inches. 
The other main tire characteristics are computed as shown 
on page 134. 
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Main Gear Characteristics 

The F-lll main gear spring rate parameters were computed 
from load-deflection data recorded during structural 
testing and correlated with data from jig drop tests and 
from flight tests. 

Figure A22 shows the model which has the same form as that 
described in equations (3b.16) through (3b.21) and in the 
wheel and tire system. The rotational spring rate of one 
main gear about its pivot is 26 * iob in \y/ra.d. 
The remaining values are calculated (at static position) as: 

(3b.39) 

5Ga ^   21.Ö   in 

W*   -   lis> \'b• - .723   Vk SecVvn 

VVGW = WwM ' 64-+ 16* * A 667 /bffec*//* 

C&    -    ~LGOjOOQ> \V»/»n 

Thus from figure    22    ,    Ca *-s given by 

(3b.40)  Q^-   CaUcT)/S6u    -   2^^^/%^-=   55>,0OO lb/n 

The first mode natural frequency of the model is 21.84 cps. 
Assuming that   ^    is  .054 (about 3% critical), then evalua- 
ting the damping at   MJ = CarrX 2i,04 ) -  *37. <r r-34/söc 
there follows: 

(3b.41)  D&  -   3_CG.   -   (.054X200,000) - 76,(D   Ibsgo 

(3b.42)  Du  =   7LCU   -   L&£l)i ££42go)   =  11.1  IL^C 
N ' u> ( »37. 5) m 

Figure   A22    Main Gear Strut and Wheel Model 
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Aerodynamic Data 

For finding the aerodynamic data,  the F-111A is landing 
with flaps at 34°, wings swept to 26°, and spoilers ap- 
plied.    An equilibrium airplane condition of <xw • 2    and 
SHT  =~5    is assumed6    For these conditions, 

(3b.43)Cu = o,,3      XL. - *|28 <U^X        ^CL * *022 da^ 

(3b.44)C0r ,258     >CD * .000^        ZCp   --.oo3t* ät£* 
*** Ö c)SrtT 

(3b.45)CMA= 0,00    ^,A ^ -025 40*        <)CMA *-03S2d*C' 

The aerodynamic reference point is F.S.  526.8, WL 197.2 . 
Assuming the airplane CG.  at F.S.  519.0, WL 180.0,   if 
A.X and &y   are given by: 

(3b.46) Ax =• F5A - FSCG = 5ZG.8 - 515,0 a 79 inches 

(3b.47) AY = WLA ~ WL£& »   »37.2 - I960  - 17 2 inches 

Then if C Ä 108.5 inches  is the length of the M.A.C.,  then 
CmC  at  the airplane CG.   is given by: 

(3b.48)CMC   ^C^C -CUAX.-*CDAY 

ä (o.oj0oa.s)-(o.t3X^e)hi.2s»)(/7.i) =34&*//»e6es 

Also, 

(3b.49) XMC *   ^CHAC   -XL&X + iCpAy 
3o<w cl-stftf ^c/vV ^o<«V 

r l-.CKSXlO&s) - C.Hd)(7.9) + Co.o)U7.z) =  -.37 I 

(3b.50)c)CnC   =    ^C^C   - ^Cu Z^x tiCp &y 
^SHT «^Snr ^Snr <^SHT 

c (-,0352)(i0g.5)-C.D22)(7.8) -(.003fc)(t7^)s -3.753 

Thus  from equations  (3b.29),   (3b.30),  and (3b.31), 
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(3b.51)  CAL SCL =  O.I3 

BAL = (^CL/^*W) a ,128 dax^' 

CAD " CD =  .258 

(3b.52)i^AD =^Co/^<^w) = O.o d&Z 

&AD   -C^C^/^SHT)  =    "".CO 34a dftj1 

OAK ~ CMC   =  3,4-24- I/yv 

(3b.53) 

(3b.54) 

(3b.55) 

(3b.56) 

£-AM ~ C^C^C/^SHT) -   -3*7SS> im^/dac. 

^Al_ "   ^AL "   SAL^W   ~  EAL SWT 

- .0i3-C.aö)(2)  -(,C2z)t~S,c) =    -.014= 

^"AD  ~ £AD~~ SAD **W ~ E-AD SHT 

* .259-Co,o)(2) - (-,G0 301-S0  »   .240 

= 3A2± -(-,370(2) -(-^755>)(-sV^ 2.204, IN 

Initial Conditions 

Assume that at time - 0.0 seconds the airplane velocity is 
2400 in/sec = Xo. The airplane is shown in Figure 23 
with brakes off. 

Figure A23 Airplane Initial Equilibrium Forces 
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Assume that <x^ « 3  and 5MT - -5 , then from equations 
(3b.29) (3b.30) and (3b.31), there follows: 

(3b.57) CAL= C-.014») *- (.QB^U) i-(,022)(-5) =0,222 

(3b.58)<V = [1.2W,)+i-.3li)(Z) + (-3.7S*)C-5) = 19,973 

Since SH»j - 258.9,SUM  = 32.6 inches, 1^H   • 20,000 in/lb., 
and if the estimated value for H$T   is 97.2 inches,  then 

(3b.59) FWM =   /(TrH^"U^)»($HK>-HsTJMKi)(WAG -rAiJ\ 1 

Now from equations   (3b.24),   (3b.25),  and  (3b.26), 

(3b.60)QA - C24öo)2(S25)(,ö023©)/l£8   - ISOOö V0 

(3b.61)F/yL^   (l22l){2SOOO) -   5500 \\> 

(3b.62)T^ =   C 19.973 X25000 ) -   ^35,3^00 i*!L 

Thus, 

(3b.63) F~wm - 1 /( ?I9 Soö j 4- (2S7)(s7O60 - SSOol>\ 
2 \ (295.1) +•  (S7.2)(o) / 

So 

(3b.64) FMM^ 22 588  lb 

and 

(3b. 65) FMK;   -   WAG -FAU-2FNM 

-    570OO - SSOO - 2 (22 92>e) = 552.* \±> 

Assume that when time = 0 that X\A/M = 0;0 inches,  then 
Z&D<X*M>= 0.0.    Then Xww = 295.1 inches  so that ZGD<**/W> 
-  (9.676-9.703)12 « -.32 inches.    Refer to the runway sys- 
tem for values of Z6D.    From equation (3b.12): 

(3b.66) S„ s (224*9 )/($S3o) -   2,4) In 

Thus  from equation (3b.13) 
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(3b.67)    ZvvMo ~  2332 - ZA i   = 20,9 l   U 

From Figure A14  in the flywheel system,  if FVMS  - 22,950 
lbs,  then Z<^ - 24.00 inches.    Now,  from equation (3b.4) 

(3b.68)   5W =(55:2.4)/( 12, 200) = ,4G In 

From equation (3b.5),  there follows: 

(3b.69)   £WNO   "   C-.3z)+( lO.fco)  -t>44,) =  iö.02tn 

Also,   from Figure   21 f if fvwS  - 5,600 lbs.  then:   Z.SK, = 5 t* 

Rearranging equations (3b.1) and (3b.9) 

(3b.70) Z0 1- ShKi Q0 = SVw -i" Z.WK;o - Z^K, 

(3b.71)  Z.0 - S^M Oo  = SVM +" ZL^Mö ~ 2-SM 

Solving these two equations, 

(3b.72) QQ  -   ,0229   e«D»AK>s 

(3b.73) Zo   -    02.3t»  in 

Finally, 

(3b.74)  X0 =   ^WMO *   SHM  "    3G>.20 in 

(3b.75) ©60  =   Q0   *   .Ü329  2«D>*US 

The values of the following parameters as  listed in Table A7 
are      established by the airplanefs dimensional and mass 
characteristics:   «&*, ettfa^ /IteeßSet.,Sum   JV/»/, JW, SVAJJS^J 

SYM/WA,   Wxa, dr\<X   Sv/*u> 

For the example problem the density of air at standard 
conditions,  sea level and 59.6 F,  is assumed.    Thus, 
RrtA= ,OOZ3Q Sfaft/jsf* 

The shock strut linear damping coefficients, PvN for the 
nose gear and Dv/w for tne main gear, are set equal to 
zero for the example problem. 
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3c.  AIRPLANE SYSTEM (6 DEGREE) 

The six-degree airplane system is built around a rigid 
body airplane which is allowed to move vertically and 
horizontally (both parallel and perpendicular to the run- 
way centerline). Also, the airplane's yaw, pitch, and roll 
effects are considered. This model considers all the ef- 
fects found in the three-degree airplane system. The pur- 
pose of the six-degree airplane is primarily two-fold: the 
first is to evaluate the effects of the anti-skid system 
on the airplane's directional stability; the second is to 
evaluate any anti-skid system degradation caused by air- 
plane yaw and side drift movement. 

For the nose gear, the model considers the tire and strut 
characteristics in the vertical direction. Also, the nose 
tire's yawed rooling characteristics are included. The 
steering loop is closed by providing a "pilot" function 
which provides an input to the nose tire. The "pilot" 
function depends on the airplane's yaw angle. The two 
main gears are treated as two distinct systems except for 
any structural coupling which may exist between the two. 
Provisions are made for side wind perturbation and for 
aerodynamic effects caused by airplane yaw and roll. 

A.  Mathematical Description 

Figure A24 shews the six coordinates which describe the air- 
plane position relative to reference points on the earth's 
surface. 

% •* 

x •* 

fr  J 
<h 

/ 
z 
k 

10 
^        2 

_.   i 

Figure A24 Airplane Coordinates 
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VWY Is a crosswind. The runway is oriented so that its 
center line coincides with the x axis for 0 inch runway 
heights (Z<jj, «0). This analysis assumes that the pitch 
(Q) and roll (P) angles are small« Let Z«0<x,y>denote the 
runway profile and let Z4DP<x,y>denote the runway slope 
(Zfi0P<x,y> - dZ*0< x,y>/^x). Figure A25 shows the airplane 
as measured in the fuselage station-water line reference 
system. 

Nose Gear 

Let ZSN and ZSN denote the nose gear stroke and stroke 
velocity. Then we have that: 

(3c.l) ZSN = ZWN * Svw - Z - S„WQ 

(3c.2) Z$w - Zww - %  - 5HMQ 

The nose gear shock strut force FVM is then given by: 

(3c.3) F"N = F;ws< Z,N> + DVN 2SN f AVN<ZSN> ZswI 2*J 

-^3-- V&-9 

Figure A 25 Airplane Geometry 
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Figures A26, A27 and A28 show the forces acting on the 
airplane as seen in the different planes. Let FLN denote 
the lateral force on the nose wheel at the axle. Then: 

(3c.4) WWN Yw *   FSNl5 - FLhi 

Where F€N»S is the lateral component of the sliding or cor- 
nering force of the nose tire. The load F^ is caused by 
the nose wheel trying to move laterally relative to the 
airplane. If this lateral displacement is denoted by YDLK), 
then: 

(3c.5) Fusi « CLK, VOUJ + DtNJ yPJ.M 

(3c.6)yDLNI- yN-y +-(E+SHMQ)P -SHJ? 

(3c7) YDLSI=  VM-V^ U+SHNJQ)P • (Z+SHMQJP-SHIUR 

Now F^ is given by: 

(3c.8) FWM =•• SNCC^T^DMTS^) 

where 

(3c.9) 5N = rnax {o.o, 2Ut>^XWN)Vlg> +- ReTNJ - ZWNJ } 

Oc.iojs^ = ^6Dp<xWN)>yN>xWKJ-2.WM 

Summing vertical forces on the nose gear unsprung weight: 

(3c. 11) WWKJ H^ = FMM - FvW 

Assume that the pilot positions the nose wheel with a rate 
proportional to the airplane yaw angle. Thus: 

(3c. 12) 0Ki = min{©,  -GPlLR ** ©N» * Öwwsx 

-GPILR i4 le^KieMMAxI 

ON gives the yaw angle of the nose wheel with respect to 
the airplane $ . The yaw angle of the tire with respect to 
its direction of motion is given by6yAW. 

(3c.l3)6VAW* 8^R -(/W/XWN) 

lbl 
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Figure   A28   Airplane Dynamics (Roll) 
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The steering characteristic is developed from Reference 1 
(p. 30). Let UMTF be the coefficient of friction between 
the nose tire and the ground. Then the maximum force nor- 
mal to the tire in the plane of the ground is FNTF where: 

(3c. 14) F^rP - UWTP FNN 

Using equation (79) and 80)  from Reference 1 : 

(3c.15) URT •    j PwcÖvAw/fr 

(3c. 16) FN,CFS " ^NrP 

TF if    ^ TF > O 

if   UZT   *  1.5 

^-= CURT -4 Ufr/S?)    M /UerJ< 1.5 

if URT  ^ -I.S 

NJTF 

- F MTp 

Thus,  FNCF§   corresponds to   F*>r,e   in Reference  1    and Pwc 
is the cornering power given by: 

(3c.17) Pwc =      (Cr,Sw - Cp^^N ft     Sw ~ SP, 

The actual normal cornering force FNCF is not FNCFS , but 
lags FNCFS because of the tire relaxation length. The ex- 
pression for FNcr is given by: 

(3c.18) F^CP = C FNCFS " ^WCF J\ XWW/SVRU J 

Having obtained FNCF , then from Figure A29, 

(3c.19) Fsus =   ^CP^^N^) ~ U«WüFNNW4^<©N+*> 

(3c.20) FDK) -   Ffgcpaft^o<ÖN + R>+-U„NFNN c^<eNtR) 

Figure A29 Nose Tire Cornering Force 
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Main Gear 

Let ZSM and Z$M denote the stroke and stroke velocity. 
The additional subscripts L and R refer to the left and 
right side of the airplane (looking forward). 

(3c.21) ZSMe = 2WM* - 1  + SVM * 5MMQ + Sfivu P 

(3c.22) isMs: = ZWM*.-"£ +• SHMQ +S6WP 

(3C.23)   ZSMU   5     ?WML   '2     + 5 VM   +   SHMQ   -    SÄ*/ P 
. • * 

(3C„24)   ^5ML    ft      EwML     -Z     +    SHMQ      -   SÄWP 

The main gear shock strut forces are then given by: 

(3c.25) WMR. ~ ' VMSA fcSMft/ ^"VMZSM« +AVM\ £SMÄ/i.5M<i|lSivia| 

(3C. 26) fvMt_ =   FyMS<ZSMl.> "*-DvH^S/v,u+ AVfw1< ZSML> Z*Hi. I 25Mt. I 

Let SM denote the main gear tire deflection and let FNM 
be the associated load.    Thus,  in the vertical direction, 
the relation between the load and tire deflection is given 
as follows: 

(3c. 27) n^Mii * ^MR ' CNJT "*" *^MT- ^r-iR.' 

(3C.28)FN,ML = SML (CMrtDMTGMU ) 

(3c.29)SMß. = max\o, Z<jp\ VWMß.,yMR/ *• ROTM "z.w^zf 

(3C.30)SMR.   =   2_ÄDP\ /\ WMfc , y^R./  /^WMR    "  ^WMK 

(3C. 31)SMV_ =   t-naxlö) Z-SD^ %ML } ^ML'        ^®TM "IWML J 

(3C.32)5fv»L.   r   ^6pp\AwMu j   'ML/  AwMl   ~   2TWMI_ 

Summing forces  in the vertical direction on the main gear 
wheels, 

•* 
(3c.33) wWM rWM2 - F^MR. "" ' VME + ' <SRVR 

(3C.34) WWM >WMU    =    "KjML,    ~   • VMU "*"    '©K\/L 

Figure A30 shows a side view of the left hand main gear* 
With the assumption that Wu^< WA , &&Km  and 0SU are des- 
cribed by: 

166 



(3c.35)Wusluete = S^FÜR+ (S.u+2*L*XFTL-FTR-F^) -Tsz 

(3C.36)WUSLö6L - scurUL+ (S^^LLX^-^-^) -TSL 

where 

(3C. 37) ^GLfc - $«l_~ 2-SMR 

(3c.38) 2*LL a S6L- Hs ML 

The forces FTe and FTL are used to impart the correct mo- 
ment into the gear. 

Figure A3Ü Side View of the Main Gear Strut 

The overall gear system model is shown in Figure A3I» In 
order to transmit torque properly, the forces Fr«?s and 
FTL© are applied equal and opposite on different sides of 
the gear. Thus, 

(3c.39) FTR6> = FM(S«W-S«)M« 

(3c.40) FTL© = FGL (S<5W-9<SS)/2S*S 

If it is assumed that 100 HA percent of this torque is 
taken directly into the airplane, then 100 H6 - 100-100 HA 
percent is transmitted through the gear. Thus, 

(3c.41) FTr^-- H*FTE* 

(3c42) FTL = HG FrL* 
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Figure A31 Main Gear Model 
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Let QR and QL be the difference between the gear rotation 
and the airplane rotation. That is, 

(3c.43) QR = O - Ö** 

(3c44) QL = Q - 66L 

(3c,45) Qß - Q - 06e 

(3c.46) QL = Q - 9*u 

Then we can find constants Cm , CU2 , DUJ 9 and  DU2 such 
that: 

(3c.47) FUIE = S^CCUIQE-CUZQJ + S^UCDUIQB-DUIQL) 

(3c.48) Füu • S*u.(Cu, QL-CU2QR)^SsuCDuiÖt.-Du2QR) 

It then follows, assuming negligible strut moment of in- 
ertia that: 

(3.49)   FDVZ = (CFdR + /Y^-F"rJrÄLÄ4'TiE>/S6u 

(3c.50) FWCL - ((FCL* fyt- FTß)ZGLL 
1"TSU)/S6a 

As outputs  to the tire and wheel systems we need to com- 
pute XAX and YAX .    XAX  is shown in Figure 30.   YAX   is as- 
sumed to be the undeflected tire footprint position in the 
y direction. 

(3c.51) XAXU= X + 5&WR + SVMUQ +(W Z*LL)Ö*L- S„M 

(3c.52) XAXC "X " $6\*jR ••'SVMUQ •,"(5&u-''ZfiLaJÖ6^-SHM 

(3c.53)XML'=X+ SawR +SvMuQ4(5su+Z6LL)efiL 

(3c.54) XAX* = X - S*w£ + S^MUQ + (Swt* ZGLR)4R 

(3c.55)YAXL= y-SsW-($«M-SVMuQ-(S6Ui-E6LJ©^)ß 

(3c,56) ^AXfc^ y^S^jft/" (SHM'SVMUQ " (S&a+ töU8/öfiR.)R 

(3c.57) w= y - (SHM -SvMitQ-(s*u+ z6uu)e6L) ß 

" (S*14H + Sea "*" W&ll J  P 
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(3C,58)YAXB ä y-(SHM-SvMuQ-(Scu + Z«uR)©«)ß 

Engine Thrust 

Referring to Figures A26   and A27,  if FTH  is  the engine 
thrust,   then 

(3c.59)  TTHV =   Fm C«TM+Q) 

(3c.60) rTH   = STH FTM 

(3c.6i) F;HS= rrH^ 

Aerodynamics 

The following eight equations apply as  in the three- 
degree model. 

(3c.62) QA « XZ^eer ^HA/28& 

(3c.63) F>L = (^ALOA 

(3c.64) FAD =^A£>QA 

(3c.65)"TAM = CAMQA 

(3c.66) *w = *o +• Ci8o/Tr)(Q- i/i) 

(3c.67) CAL
=   GAL + BAL^W + EAuSHr 

(3c.68)CAt>=   GAD * BAD**' + EAPSHT 

(3C. 69) CAM- GAM +* BAM«<w 
+ &AMSHT 

Let VWy denote the wind gust velocity as shown in Figure A24 
If 4> and 0 are defined by: 

(3c.70) v = (vwv + y)/x 

(3c.71) /3 = (ieo/ir)(S>- R) * 

Then /3 is the angle of sideslip. 
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Let QAT denote the dynamic air pressure (including side 
wind) multiplied by the reference area.    Then: 

(3c.72) QkT-~  C CVwy^y)1 4-X2)AeeF ^HA/288 

Then the aerodynamic yaw moment is given by: 

(3C.73)TAV • CAN/3 QAT 

and the aerodynamic side force is given by: 

(3c. 74) FASy - CAy ß QAT 

Finally, an aerodynamic force FASL due to a combination of 
lift and pitch is: 

(3c75)FASL= FALP 

Refer to Figure A27 as to the direction of these forces. 

Dynamics 

Referring to Figures A26 and A27,  summing forces  in the x, 
y,  and z direction, 

(3c.76)WA£ -FAL+- FTHV-WA6 +fvMB + F^tf• 

(3c, 77) WA X * FTH - FAD +- Foue + rDUL - Fue - rjjU - rfiK 

(3c.78)WAy = FrhS, - FST!Z - F;TL • FZM + f>SL-FASV 

Summing moments about the CG. we have: 

(3c.79)WrpQ = FVNJSHKJ - FVMßSHM ~ N/MU^HM **" "Dufc^VMU. 
"** ^»UL^VMU + 'TH "*" 'AM " ' ußCS6Lt+ 5y.MU ) 

— FaL [.Sau. "*"5vMa) - p£>w ( Z ~ Z.*D^^WW'J 

(3c.80)WleE a  FI^^HW -»-ScsCFufe - FUL+ FDUL-FDua)fTAv 

+ 2 HA (. Frit» •- FrL© ) S<&s 
(3c.81) Wjp ß B (fr Mt_-FVMR) S6W 4-  FX*Y HAP 

-(€-iw<x)y))(F5UtF,TLtrLN) 
(3c.82) XWN   =   X ^SHKJ +SVN,Q 

(3c.83) XW(si   =   X  +5VK,Q 
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B.  Parameter Evaluation 

Nose Gear Characteristics 

Based on a nose gear lateral natural frequency of 12 cps, 
we have a>n « 2TT(12) - 75.5 RAD/SEC. Since Www - .435, then: 

(3c.84)CLNJ = Www^J   =   .435 (75.5")2 =  2*80   lb/In 

Using fj - .054 as in the calculation of DQ  in the three- 
degree model, 

(3c.85) DLW =  ^ CLr0/tOr, « (.054)(2f80)/7S.5 = 1,78 butfm 

The steering or cornering characteristic parameters are 
obtained from Reference 1.    Based on Figure44(a) in Refer- 
ence 1,  the value for \JNrp   is: 

(3c.86) \X»TF s f>,r,€(r«ax;/Ffc *   ZXQOO/ASZOO - .5-5-3 

Using equation 82 from Reference 1, if K -   ( P+.4+Pu)w* - 
(1.44) (190)(6.6)2 = 11,920 lb. then: 

(3c.87) C?\ * U CcK/J » Lh£f.&)lWKZ6\/ZZ *27<*c> lb/fa* in. 

(3c.88)C^ = 9.9CcK/ä^U$fi)Lil1")/{tö*/Z3S3 UoJRU& 

(3c.89)£>,,,06,7+Cik *.L.0b7^*7)llWZ6) * 4S79+ lb/R.*A 

(30.90)^^^^^^J4.)(S7)Lll<iza)/zt= lotto tf/ftuU 

(3c.91)Spi -   ,0875d  =  (,C>87S)C22) * 1.325  in 

From Figure 43 in Reference 1 we see that the cornering 
force lags the yaw angle. Equation 63 in Reference 1 
shows that the equation which describes the curves in 
Figure 43 is given by: 

(3c.92) ry>r = ( .-e*/L*) Fv,r„*x<ev*w> 

where Ly is the tire yawed rolling relaxation length. 
Differentiating this equation, there follows: 

(3c.93) dFy>r * £***   Fy>r,v>a*<<EW> 
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Eliminating e   results in: 

(3c.94) Kr  + Lv <lfLr = ^rmax^vAw) 

Equation (3c.18) is obtained by using: 
• 

(3c. 95) d fy,r  = d Fy,r/d* »  F^cP 
dx      dt  / dt    Xww 

where it is assumed for large airplane velocities that 
XWN • dx/dt. We see that the parameter SYeu is the relax- 
ation length. From Figure 39 of Reference 1, for most 
conditions, Syei_ is obtained from: 

(3c.96) SVEL"- .4>w(2.8 -.9 P/Pr) 

=•  6fr)(&,6)(Z»8-.8)* 7.32 in 

Main Gear Characteristics 

For many airplanes which have a conventional strut arrange- 
ment (similar to a B-58) most of the moment about the shock 
strut £ is taken out through the shock strut. In this 
case equations (3c.41) and (3c.42) would use HG-o.o. 
In the case of the F-lll gear the opposite result occurs so 
that H& • 1.0 and HA - 0.0. The following values apply to 
the F-lll gear: 

Wa =   -723   \\> secz/m 

Www =   Wwv =   '. kfe7  lb secVin 
$6.u. =•   2\.oo In 

(3c,97)     ^   sölv *   (oO.oo iv\ 

S>6s  *   20.00 in 

Hfr  =    I.O 
HA   =    O.O 

If loads f>(t) • ^(t)  « f^> are applied as shown in 
figure 31 , then because of symmetry, the result will be 
that QZ-QL   . But then equation (3c.47) says that 
Cm - Ctf.z   =   RJR/SGUQR      but    Cu =   Fue/§&uQß 
as shown in the 3 degree model.    Thus 

(3c.98)   Cu. - Cuz  = Cw.  -   55,000   It/in 
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With the maingear at static, if a drag load of 18,000 lb. 
is applied to the left gear at the ground and -18,000 lb. 
is applied to the right gear at the ground the observed 
deflections with Q - 0 are QL • .0236 rad and QR • -.0236 
<•.d.  (Assuming a lateral beam torsional spring rate of 

43.Ox jo* in lb/rod ). 

In the equations which describe the gear loading Tsc  and 
T^L can be chosen as 0 if E6LC  and ?.ÄL.c are the dimensions 
to the ground instead of the axle.     Thus   £*L • ^u.  • 2*i-e = 
2.2 + 12.9 - 21.4 in.    Equations  (3c.35),   (3c.36),   (3c.39), 
(3c.40),   (3c.41) and (3c.42)  can then be combined to give 

(3c.99) Foe-FUL */S«u*Z«ujfcr -F&LVI + Hfi/S&w-S6S' 

s /21.0+ 2U\ (-31000 Y i + /fcO-20^  =   -Z 12,000 & 
21.0        / \       \    ZO 

Subtracting equation (3c.48)  from (3.47)  results in 

(3c.l00)F"ul2.-FUL ~ CCU,^CU2)SSU.0R - (Cu.+ CuziSfeuQi. 

So that 

(3c.l01)Cu, + Cuz *    -2'zooo =     214-^000 Ib/Jr, 
(2)(2!.o)(-.023fc>) 

Adding and subtracting equations (3c.98) and (3c.101) 
results in 

(3c. 102) Cw.1   s   53QOQ -MKOOO    =     13(^^00 \)o/ln 
z 

(3c. 103) Cue =   2i4,ooo - 5SCQO    =     77,500 It/in 
2 

At a fore and aft natural frequency of 137.5 nstd/seicj 
the damping coefficients   Du,     and   Du*    Are given as 

(3c.104) Du. *  ^Cu. /UJ = (.O5^)(l.3^xio5)   = 534 ß> sec/in 
(137.5) 

(3c.105)   Duz=   77Cu2./co = C,054)(,775X10*^ 3o,5  It sec/in 
(137.5) 
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Aerodynamic Characteristics 

The coefficients for equations (3c.62) thru (3c.69) have 
been derived in the 3 degree model« For the F-111A in the 
landing configuration and wings swept to 26 degrees as des« 
cribed in the 3 degree system, CN/3 * .0014 and Cyß « -.021. 
Then the coefficient CAV is calculated from 

(3c.106) CAy = -Cy/3 * .02J AQJ§ 

Let AX* FSA - FSCG as in the 3 degree system where 
FSA - 526.8 and FSCG m  519.0. Let b be the wing span. 
If b - 756 in., then 

(3c.107) CAM = b Cw/3 - AX CyA 

(3c.108) CAM - (75C)(.OOIA) - (7.8o)(~,02i) = VtVl m/dm^ 

Airplane Characteristics 

The parameters listed in Table A8 describing the airplane's 
dimensional and mass characteristics are those previously 
derived in the 3 degree model or simply a listing of the 
appropriate values applicable to the F-lll for which no 
derivation or computation is required. 
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4a.  WHEEL AND TIRE SYSTEM (FLYWHEEL) 

Figure A33 shows the components of the wheel and tire system, 

Tread 

Wheel 

Stators 
Rotors J 

Brake 

Flywheel Axle 

Figure A33 Components of the Wheel and Tire System 

In the vertical, or Z direction, the axle, brake, wheel, 
tire, and lower shock strut are combined and operate as a 
single mass point. A description of this mode is found in 
the airplane system. The airplane system furnishes various 
inputs to the tire and wheel: Vp the airplane (flywheel 
surface) velocity; FjjM , the vertical load between the tire 
and  ivement;5M , the tire deflection. The brake torque 
T^T 

s an input from the brake system,. 

The horizontal displacement of two mass points is con- 
sidered. One mass point is made up of the axle, brake, 
wheel, and the inner part of the tire and its location is 
designated asXw. The other mass point is the tire tread 
and its location is designated as XTT . 

In rotation, there are three mass points: the axle and 
stationary brake elements make up the first; the brake 
rotors, wheel, and inner tire make up the second; and the 
tire tread makes up the third. The angular positions of 
these three mass points are denoted respectively as O^, 
6w,and0T. Let F© be the horizontal force acting on the 
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axle and let FIT be the net horizontal force between the 
wheel and tire tread. Figure A34  shows the location of 
these forces« FBT is the horizontal force between the tire 
and the flywheel surface« 

Tread 

er 

Figure A34 Tire Horizontal Model 

A.  Mathematical Description 

Equations describing the tire and wheel behavior are de- 
veloped by referring to Figure  A34. Forces F&   and FTr 
are defined by equations (4a.1), (4a.2), and (4a.3) as 
follows: 

(4a. 1) Fe = -GHXW "OmK 

(4a.2)  FTT- CrrtXyr-Xj + Err C XrT - XV)+PTU (XTT-X*) 

(4a.3)  DTT(XV'X^) = ETr(Xrr-Xy) 

Equations (4a.2) and (4a.3) describe a type 2 spring- 
damper system as defined by Figure A3b  and discussed in 
the parameter evaluation« 
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Let W6W denote the mass of the axle, wheel, brake and inner 
part of the tire. Let WTE denote the appropriate tire 
tread mass. Summing forces in the horizontal direction 
gives: 

(4a.4) W6WXW « F#+ Frr 

(4a. 5) WTE Xrr - - FTT - F3r * r;RH 

Where F^8H is a force produced by tire unbalance, the cor- 
responding vertical part of this unbalance force is de- 
noted byplay . These two forces are given in equations 
(4a.6) and (4a.7). 

(4a. 6) FseH = kKÖ Wr
2 *aJm><8T) 

(4a. 7)  F*Cv  -- etsWr <s^<6T> 

WT and Sr are the rotational speed and position ot the tire 
tread. 
The rotational schematic of the wheel and tire system is 
shown in Figure A35 . 

Wheel + Rotors 

Axle + Stators 

T 
Hr 

1-, 
Figure A35 Tire Rotational Model 

Let TRT and Ts be defined by equations (4a.8), (4a.9), and 
(4a.10) as follows: 

(4a.8) Tkr = CRT(ew-eT) + ERTcew-ev) +Dw(d*-dr) 

(4a.9)  Der(0y-0T) * EeTCöw-ev; 
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(4a. 10) TS «c,ses + De5es 

Let HT be the height of the axle above the ground. Let 
TRR be the torque on the tire that produces rolling resist- 
ance. These two quantities are given by: 

(4a. 11) HT= RWT-SH 

(4a.12) TBe = SM( DSR4- DV£Wr) if   Wr>o 
o if    Wr = o 
SM(-DSß+DvcVr) if    WT<o 

If T8r is the brake torque, then torques can be summed to 
obtain the following three equations: 

(4a. 13) WIS0S = TaT-Ts 

(4a.l4) WIW8W = -TBT -TBr 

(4a. 15) WrTer =   HTFBT + TZT -TER 

The rolling radius of the tire  is obtained using the 
methods of Reference 1.    Denoting the rolling radius as 
pT,  it is defined as: 

(4a. 16)  RT » ^T-JSM - U.ER(XTr-Xw) 

Let VRS denote the velocity of the tire footprint rela- 
tive to the flywheel surface with WV « 0, let VR be the 
relative velocity includingWT. 

(4a. 17) Ves = VF + *Tr 

(4a. 18) VR = VKS -RrWr 

Here VF is the velocity of the flywheel surfpce. Adopting 
the convention, WT =6T ; W$ « Bg ; and Ww- 6»^,  the 
relative angular velocity between the Stators and rotors 
is denoted by wB and is established by: 

(4a. 19) W8 = Ww -Ws 

When a tire is moving over a runway with any appreciable 
amount of standing water or slush, a hydrodynanic "wedge" 
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of water starts separating the tread and runway surface. 
It is assumed that the length of this "wedge" is propor- 
tional to Vß| and at hydroplaning speed, VHy , the tread 
is completely separated from the runway. In equations 
(4a.20) and (4a.20) the coefficients CHy and PWy are used 
to define hydroplaning effects and water drag on thr wheel. 
For dry runway conditions, CHY and DHv are zero. The hori- 
zontal force between the tire tread footprint and the run- 
way surface is established by equations (4a.20), (4a.21), 
and (4a.22) as follows: 

(4a.20) *W = FNM CI - CHy C VRS/VHy)
2 ) 

(4a. 21) FBr 
a 

(4a.22) UT • UT1 + (Uli- ETV«,)«*^ if Vb>Vfo 
il/A-t*- ttin. -&AJ) eM "**] VSCbS vfc * A>i6>Hfc 

Figure A36  is an equation flow diagram showing the re- 
lation between equations (4a.1) througn (4a.22). 

B.  Parameter Evaluation 

Gear Characteristics 

The mass W^w is made up of the mass of half the shock strut, 
half the lateral beam, the axle, the wheel, the brakes, 
and all ^ut one-third of the tire tread. The sum of the 
masses of these components totals 616 LBM. Thus,W«w • 
Cl(e/3SL  » 1.4,0 lb secVi* .   The fore and aft natural f- - 
quency of the gear (as calculated from deflection data*  s 
2i.84cps = 137.5 nitd/svc . Using the gear mass, with all c 
the tire included (644 LBM), the spring rate C$Hcan be 
calculated as: 

(4a.23) C&H= mcui = /toff \( 1*7. s)1 - 3»,50O Wi" 

A typical approach to estimate the damping coefficient 
is to use 37. critical. Thus, 

(4a.24) DGrt=  i.ozjzJmC& *(.0h)j{h4±\tisoo = I3.9lbs*c 
* l\3bbJ "JrT 
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Tire Tread Characteristics 

The principle underlying the calculation of the tire fric- 
tion coefficient is that compared to the rest of the tire, 
the tire "footprint" is totally inelastic.  (The tire "foot- 
print" is that portion of the tire tread which is in con- 
tact with the ground). Thus, if the velocity of the foot- 
print and the friction vs. velocity curve for the rubber- 
surface interface are defined, the tire friction coeffi- 
cient is established. In order to predict the motion of 
the footprint, the tire tread is assumed to behave like an 
inelastic ring which is supported on the wheel as shown in 
Figure A37. 

Inelastic ring 

Torsional springs Translational springs 

Wheel 

M\ 
H 

FH " 

Figure A3 7 Tire Tread Model 
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The horizontal position of the footprint is assumed to be 
the same as the horizontal position of the ring center of 
gravity. A frictional force f^ applied at the ground can 
be resolved into a translational force F - FH acting at 
the ring C.G., plus a moment M * FH*H acting about the ring 
C.G. 

For an actual tire with distributed mass and elasticity ap- 
proximately one-third of the tire would move with the foot- 
print in response to force, FW. Therefore, it is assumed 
for translation the mass of the ring, to^g , is one-third of 
the tire tread mass, which is 84 LBM. Thus, WTE = (84)/O* 
386) = 0.0725 LBF SEC2/IN. 

For rotation the total tire tread mass is assumed to move 
in response to moment, M. Thus, the moment of inertia « 
about its center of gravity is WIT = MR

2 - (84/386) (23 ) - 
115 LBF SEC2/IN* 

References 1 (page 22) and 10 (Figure 8) are used to obtain 
values for the torsional and translational spring rates 
as shown in Figure A37. Under the application of the force 
FM, the peripheral movement at point (b) is about 20% of the 
peripheral movement at point (a) in Figure A3 7. The ex- 
pression for the footprint spring rate from Reference 1 is: 

(4a.25) Kx * .<** (P^Pr)Jwd 

Where for the F-lll with a vertical tire load of 25,000 lb, 

d • 46.65 in. * Tire diameter 
P * 150 psi = Tire operating pressure 
Pr * 150 psi = Tire rated pressure 
So = 2.75 in. = Operating (static) deflection 

Thus, 

(4a.26) Kx  = (.fe)(44>.65)(5*)(/50)y2,75/46.6S ~Bl*o*/*» 

The application of FH • 8150 lb. causes the footprint to 
move one inch. At point b, the movement is .2 inches. 
Assuming that the movement at point b is all due to rota- 
tion, the apparent torsional spring rate is: 

(4a.27) CRT =g) tU- __ jg«y^ *tW*»,uy*m 
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Since .8 inches of the 1.0 inch footprint motion is due to 
tread CG. fore and aft translation, the apparent spring 
rate is: 

(4a,28) CT1- =   F»   -   9|fO   =   10,200 IW/;* 
.8 .8 

AAAAA= 

Rt) 
n 

:^VV\AA== 

s 

Figure A38 Tire Damping Models 

It is veil publicized and generally accepted that the 
elastic and damping characteristics of tires and other 
structural devices are not accurately described by the 
mathematically convenient linear spring-viscous damper 
representation over a wide frequency range. The behavior 
of rubber-like materials is particularly different than 
that described by the conventional model. To establish 
suitable mathematical descriptions of the various damping 
forces for tires and other elements of this study, several 
models were explored. Figure A38 depicts the two types of 
elastic systems which are used. The Type 1 model is a 
conventional system with viscous damping and Type 2 is a 
visco-elastic system, having elasticity and damping which 
varies with frequency. To compare the two, consider the 
effects of driving each with a variable force F(t) - Fo 
<unojt  . In each case, the resultant deflection is 

The loss coefficient, /3, is defined by ß «$**./ . For a 
conventional system (Type 1 withe and k constant), the 
loss coefficient which is a measure of the damping is 
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given by: 

(4a.29) (3 =   Ccj/k 

Reference 1 assumes that c is of the form c = T? k/w where 
?l and k are constant«    From this: 

(4a.30)/3= ^ 

Reference 8 seems to indicate (p. 55) that the loss co- 
efficient for tire tread rubber is somev7here between the 
above two values. 

For the Type 2 system, shown in Figure 
constant, the loss coefficient is given by: 

<«**M •(*)/(•«• fa) (i*fi)) 
-3 

To represent a tire, the values (c/1;) • 1.56 x 10  sec. and 
(n/k) " 0.520, were used to compute values of /3 for a 
ranr,e of frequencies. ,3 versus co is shown in Figure A39 
for both Type 1 and Type 2 models, along with values of /3 
taken from References 1 and 8. The value from Reference 1 
is shown constant at all frequencies because the value is 
not identified with any frequency. The above values of 
(c/k) and (n/k) were chosen because they gave /3 values in 
best agreement with authoritative data. 

Figure A39 shovs both Type 1 and Type 2 models have rela- 
tively poor correlation with both data sources. Reference 
8 indicates ß  is highly dependent upon temperature and tire 
rubber compound as might be expected. During damping model 
exploration, both Type 1 and Type 2 systems were examined 
dynamically on an analog computer. It was found that dif- 
ferences in their behavior were observable; however, since 
the damping forces are relatively small compared to the 
other forces, this difference was small. Either model is 
equally satisfactory for evaluating anti-skid operation. 
The Type 2 system is used for the tire because it is in 
closer agreement with recorded observations. The peak in 
the /3 versus frequency curve for the Type 2 system is in 
keeping with most of the contour plots for rubber-like 
materials as shown in Reference 7 and 8. 
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The tire elastic and damping coefficients are: 

(4a.32) Drr ' (i.S**l63) CTT  *    13.9   lb s«c/in 
ETT *  C.5a)CTT a   5300 lb/in 
DeT a C i,styJö"3) GRT -  30^400 Lw It sec/raA 

N0.2 
** 

3 
O 

•M 
«W 
«W 

So.i 
o 
0) 

o 

0 

^^rv- 

jg*cw/K (Typsd'-yJ 

y. 

••--•g- 

I 1 r 

10   20    50  100  200    500 1000 2000  5000 
Frequency - rad/sec 

Figure A39  Model Loss Factors 

The equation (4a.16) for the rolling radius Rr is a re- 
statement of equation (76 b) of Reference 1. To allow for 
circumferential decay length other than those equal to the 
outside free tire radius, a coefficient URR is provided. 
For this study UCR is set equal to 1.0. 

Axle Parameters 

The observed torsional natural frequency of the axle (with 
brake Stators) is 125 cps. The calculated value for 
its moment of inertia is 16.8.LBF SEC2/IN. Thus, the 
torsional spring rate,Ces » is established as: 

(4a.33) Ces * (2iU25)
z(lfr.&) -   lo.4*l0b Lnlb/rad 

For the steel axle, a value for i\  (in the l^pe 1 system in 
Figure 38)is probably something less than .01 (Reference 
7). Thus, at resonance, if cco/k - ^, then the damping co- 
eflicient is established as: 

(4a.34) Dfes = k^/oD = C»o,4/iO
t)(.oO/(2n-|2s) -  132 mlUecyW 
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Tire Rolling Resistance 

From Figure 17a of Reference 2, the rolling resistance co- 
efficient, /)r is given by /Jr - .012 + 1 x 10"5v where v is 
the axle speed in INCHES/SEC.    Thus, 

(4a.35) Tee=^rFRftRr =  (.012 + >MÖ5V)FRR£T 

Or alternately,   =  (.012 4. \*\ösQTRT*;vFelt/S)($ ) RT 

Since FRKA Ä CMT , the rolling resistance coefficients are 
established as: 

(4a.36) Dse = ,OI2 CMr RT =   (.OlzXsS3o)(20- "0 * 235"Ott 

(4a.37) Dva - IXIOCMT^ - (s*3oxiö X20.57) = «0.3 tt»s«c 

Figure A40 shows the friction coefficient for a tire slid- 
ing (i.e. full skid) on a dry concrete runway as a func- 
tion of velocity. This data is taken from Reference 3 and 
is applicable to a typical runway contaminated with rubber 
deposits from previous airplane operations. Table A9 
below lists the appropriate coefficients fw equation 
(4a.22) which apply for dry and wet runway surface condi- 
tions. 

Table A9 Runway Friction Characteristics 

SYMBOL UNITS WET 
CONCRETE 

DRY 
CONCRETE 

ET SEC/IN 
SEC/IN 

.050 

.180  ~ 
.065 x 10 \ 
1.0 x 10"J 

.200 

.450  .3 
.065 x 10 , 
2.5 x IC" | 

Initial Conditions 

All initial conditions, except wheel and tire rotational 
speed, will be set to zero. From the airplane system at 
time • 0, VF « 2400 and SM » 2.245. Using equation 
(4a.16) results in: 

(4a,38) Rr = I^T - % SM - ***** ~ 5  (2.245) * 22.<o~> in 

In order that VR be zero, equations (4a.18) and (4a.19) 
show that; 
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4b.   WHEEL AND TIRE SYSTEM (3 DEGREE) 

Figure A41 shows the components of the wheel and tire 
system. The wheel and tire system 

() 

Lower 

Shock Strut 

Shock Strut 

Tread 

Wheel 

Stators ( 
Brake 

XAX " Xw 

Figure A41 Components of the Wheel and Tire System 

for the 3 degree airplane system is essentially the same as 
for the flywheel model. The Airplane System still furn- 
ishes the tire deflection $M and the tire vertical load 
FNM . The ground speed, however, is no longer furnished by 
the Airplane System, but is found by summing forces on the 
tire, wheel, brake, and ax'e mass. The horizontal force 
exerted on the axle by the airplane is calculated by obtain 
ing the trans la t tonal (X^*) and rotational (%)  gear 
positions from the Airplane System. 
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,-««n»»«»M»»i«» w «W UrWIMMW» 

^w 

©RH 

Ground 
Ref 

Figure A 42 Tire Horizontal Model 

Referring to Figure A42 equation (4a.1) in the flywheel 
system changes to 

(4b.1) F6  = Cfc(XAX~Xj +Dt(W-Xj 

5qua  ions  (4b.2)   through  (4b.9)   are listed for com- 
pleteness,  although they are the same as  (4a.2)   through 
(4a.9). 

(4b.2) FrT = C-rrtXjr ~>«vJ + LTT^TT ~ X y ) •Dny(XTr"*») 

(4b.3)DTT(Xv~Xj- ETT(Xrr-Xy) 

(4b.4) W&w Xw -   ^G. + ^TT 

(4b.5) WTe XTr =   -Frr "" FBT * ^©KH 

(4b.6)  Feen  -    Rico Wr wO/w><6T> 

(4b.7) P^Bv   *   ^eWT
dC(i7/<6T) 

2U:> 

_j : ... ,/ini.,, ,f., f^-"- fdmauum    afl—Mjawtt^iW« ;Mr .„^ ... .-.I-,. ....-^-i 11 mnmiffliifn------    - - —---.•••»-'"'—*--'M'"*'' i-'-rtJiMWIiliWi»< 



Figure A43 shows the rotational model of the wheel, tire, 
axle, and lower strut with the gear rotation ©c- added. 
Including the effect of Q&   there follows: 

(4b.8)Tßr * CßT(ew-#r) + tzr(ew-Gy) ¥0r**L£*-6rl 

(4b.9)DßT(©/-©T) s tRT(0«-6y) 

(4b.lO)Ts * Cßs(0s+öj + J>fts(6s+G6) 

Tread 

Wheel + Rotors 

r- Axle + Stators 

Hr 

Figure A43    Tire Rotational Ifodel 

Equations  (4b. 11)   through (4b. 16)  are the same as  (4a. 11) 
through (4a.16). 

(4b. 11)  Hr * ReT -SM 

(4b.12) TRk = 5K (^ + DVßWr) 
c 

3M (-Dsfc r J>vfcWT) 

If Wr>o 
it WT=0 
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(4b.l3)WI50s *T&T-TS 

(4b.l4)Wrwew = -Ter -T„T 

(4b.l5)WIT6r = HTP8r +T*T -TßR 

(4b.l6)RT = ß©T-iSM-Uee(XTr-Xw) 

Because the ground is now stationary equation (4a.17) 
becomes 

(4b.l7)VCs = Xrr 

The remaining equations are unchanged except for noting 
that the outputs Xvvm and X^M required for the Airplane 
System#are obtained by renaming Xrr .    Thus   X*M

S   Xrr and 
X&*i = XTr      •    Continuing, 

(4b. 18)  Vz *• VES - £r Wr LW*M Wr^ Or) 

(4b. 19) We - Ww - Ws 

(4b.20) FWMP -   FLMO - C„Y(VHS/VHV^) 

(4b.21) Fer "=   ^MF UT T JDHy ^ 

.-rffc 
(4b.22)lir  = 

"Mn-(Ai-fr&s)eHl/* it tit*-** 
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B. Parameter Evaluation 

The parameter values for this system are essentially the 
same as for the wheel and tire system that corresponds to 
the flywheel system. One difference is the values for 
CO and DG which are derived in the Airplane System (3 
degree). These values are 

(4b.23) Cfr  =   ZOO^OOO It/in 

DO. =    79.4»   lb sec/in 

Since this system moves with the airplane the initial con- 
ditions should match the Airplane model.    Thus 

(4b.24) 

(4b.25) 

From equation   (4b,16) 

Xrro -A774   in 
XTTö -  240O    n\/*ec 

Xwo • 0,774-   in 
Xwo -   2.40O   \t\/$>ec 

(4b.26)  RT r Rer ~£SM =  23,32 -.80   =   22,SZ IN 

Thus for a "spun up"  tire, we have from equation (18) 

(4b.27) WT - V*s/Er =   240O/22,S"2 =   \CL>.7  raA/seo 

Then 

(4b.28) &TO 
z ®wo ~   \OU.7 r*.d/i>ec 

Also from equation (10),  choose 0So so that zero torque 
is produced. 

(4b.29) 0so = ®&o -  .0329  racl/sec 
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4c,  TIRE AND WHEEL SYSTEM (6 DEGREE) 

The wheel and tire system for the six degree problem is the 
same as that described in Mie three degree systen except for 
inclusion of the lateral mode. Equations (4c,1) through 
(4c,17) are the same as (4b.1) through (4b.17) in the three 
degree system. 

A.  Mathematical Description 

(4c.l)   F*  -CG(X*x-Xw) + De(XAX -Xw) 

(4c.2)   FTT =Crr(XrT-Xv) + ETT(XTr-Xy)*Dni^Xrr-X*) 

(4c.3)   DTT^Xy-)(w)=  ExT(Xrr-Xy) 

(MA) W^wXw = Fö +  rrr 

(4c.5)   Wre *TT 
ä
 ~ FTr - F"Br *• F~ßH 

(4c.6)   FiRH = ßfcft WT ud^Or) 

(4c.7)   F*RV - ßtdWT
2^<ö-T> 

(4c8) TRT = cRT(9w-©T) •*• ECT(ew~ey)tDTf?/(-a^-iT) 

(4c.9) DpT(ey-er) - EBT(ew-öy) 

(4c.io) Ts - ccs (es-©e) + DES (e$-ej 

(4c. 11)  Hr * £*r -SM 

(4c.l2)TBe=      /  5M(DS?. ^I>vRWr)      i*   Wr>o 
<     O :'a     WT ~ O 

(4c. 13) WI5es = TBT -Ts 

(4c.14) Wi^Sw=  -TeT-TBT 

(4c. 15) WrT er =   HT f%r + TZT - Tee 

(4c. 16)  ET =• R^r-^SM -UCe(Xrr-Xw) 

(4c.17)   Vi?s =  Xrr   =  XWM also   XWM -   XTT 
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Equation (4b.18) which gives the relative veljcity between 
the footprint and the ground is changed to account for the 
lateral footprint velocity yH . 

(4c. 18) VR=VV*W„
2 

Equations   (4b.19)  and (4b.20) are unchanged. 

(4c. 19)    We= Ww-Ws 

(4c.20)    FMMr =  FMM ( l - C„y ( Ves /VHV)
2 ) 

Now VRX  is  the relative velocity in the x direction so 

(4c. 21)      Vex =   Vn ~   RrVr 

Thus, the angle /3T which defines the friction force direc- 
tion as shown in Figure A45 is given by 

(4c.22)     ftr *  ZW<yM/Ve*> 

View looking down 

Fwd +»K BT 

| y      \-Tire Footprint 

F*v _L_ <i inn"' 

Figure  A45  Footprint Friction Components 
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Thus, FB/   Is now given by 

(4c.23) For 
s *W UT <**><>ßr> + *>KV V£ 

and 

(4c.24)UT   - ^ ""      "   '    ^ 
til** HMn-fr/Asl £'***] Vf/toy*.   * m>A*o 

The lateral friction force F£y   is given by 

(4c.25) F;v=   FNMF UT^>t,</3r> 

The airplane produces a lateral position YAX of the axle. 
If yM is the lateral location of the footprint, then a lat- 
eral force FiT  is produced and 

(4c26) F5T = cST(yAx-y„) + Djrfy^v-y^) 

Finally, forces can be summed laterally on the footprint to 
obtain 

(4c.27) Wre  yw=Fsr.p^ 

B.  Parameter Evaluation 

Wheel and Tire System Parameters 

Most of the parameter values ;*ere derived in the wheel and 
tire system that was used with the flywheel. The only addi- 
tion is the evaluation of C5T end DST. 

From reference 1    (p.15) 

(4c.28) K* = TÄw(P*.Z4PÄ)Ü- .7Öo/w)) 

Assuming that So  • 2.245 in., then 

(4c.29) CST= (2)(IS)( 1.24 )Ci50)(i-.7(2.245/ls)) 

(4c.30)CsT=-    to4-<oO   Ib/tn 

Using oc~ = V K/•    = iA-4fcO/.0725 = 2SS,4 

Using ^ « .1 (from page 50 of Ref. 1) results in 

(4c.31) DST Ä ^Csr/oJr, = C.l)fc4fcO)/2^.4-=2.|(p5 
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Initial Conditions 

The only difference between this and the three degree sys- 
tem is evaluating VMO and vM0 .  It should be that Yiw»0 - VAXC*> 
Since this system is used for both right and left sides, then 
yM0 will differ. Assume that this system is used as the 
right wheel and tire. Then. yMO 

s V**R as in equation 
(4c.56). From this equation at Time - 0, (since R * P * 0), 
then 

(4c.32) VMC> * yAxra = Y0+-Ss*. - o + (oO• « yo   in 

Similarly 

(4c.33   Vno  *   VAXB. 
::   ^o   -   o.o   \n/&ec 
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5.  WHEEL SPEED SENSOR 

The primary input parameter to an electronic antiskid 
control circuit is an airplane wheel speed signal« For 
conventional control circuitry the input must be a direct 
current voltage. The wheel speed sensor may have any 
of several forms such as a D.C. tachometer or an A.C. 
tachometer with variable voltage or frequency converted 
to a direct current voltage by suitable electronic cir- 
cuitry« The control circuit input signal, £r£ , is a 
function of the wheel's angular velocity relative to the 
axle (tachometer mount) and the characteristics of any 
associated electronic circuitry used for radio interference 
suppression and/or for conversion of A.C. frequency or 
voltage signals to D.C. voltage« To provide the means for 
mathematically describing the control circuit input signal 
for a variety of wheel speed sensors, two approaches are 
taken« The first, identified as Option 1, is applicable 
whenever there is a perceptible phase lag between actual 
wheel speed and the antiskid circuit input as is generally 
the case where A«C« voltage signals are converted to D.C. 
or where a D.C« tachometer is driven through an elastic 
coupling. A second simpler mathematical description, 
called Option 2, is provided to minimize computation 
difficulty and expense where no significant phase lag 
exists« 

A. Mathematical Description 

Option 1 

Assume that a D.C« tachometer generator is mounted on the 
axle and is driven by the wheel« The output of the hypo- 
thetical generator is assumed to be applied to a linear 
force motor which acts upon a single degree of freedom 
damped spring mass system as shown on Figure A47« The 
control circuit input signal, ^  , is proportional to the 
mass displacement« By adjusting the relative character- 
istics of the linear force motor, hypothetical generator, 
spring, mass and damper a mathematical description of a 
wide variety of wheel speed sensors can be accommodated« 

224 

in gjMBgm *Htwut~~~•    - I  I «•** mmtetmnnm-mmr****« ~-^*—* 



Figure   A47    Wheel Speed Signal System 

The output of the hypothetical genera tor ,£W,  is proport- 
ional to the wheel's angular velocity relative  to the axle, 
Wtf,  as defined by equation  (5.1).    Angular velocity,W6, 
is obtained as an output of the tire and wheel system. 

(5-1) £ws - Gws V)le 

The  force produced by the linear force motor, F*tf,   is pro- 
portional to the generator output,Eutf,  as defined by 
equation  (5.2). 

(5.2) Fws =• C\A/G  Ews 

The hypothetical mass displacement,Xv^r, is obtained from 
equation (5.3^ which results from summing forces on the 
hypothetical mass, \Nit*s. 

(5.3) 
»» 

ttm)~ wZ< lx"*) 

The antiskid circuit wheel speed input voltage signal,ft?, 
is proportional to the hypothetical mass displacement, Xws> 
as defined by equation (5.4). 

(5.4) t& - CCQV Kws  + ^5V 

In equation (5.4), &stf  is any extraneous "noise" which 
might be present due to the operation of other aircraft 
systems, etc. 

The equation flow diagram is shown on Figure A48. 
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Option 2 

For cases where the wheel speed transducer is a D.C. tach- 
ometer, or equivalent, driven through a rigid coupling 
(such as the F-104 and F-lll) there is usually very small 
difference between the actual wheel speed and antiskid 
control circuit input (i.e., very low phase lag or atten- 
uation) and the extra mathematical complication incurred 
by using a very high gain second order equation is not 
justified. For these cases the antiskid control circuit 
input voltage may be considered proportional to the wheel's 
angular velocity as defined by equation (5.5). 

No equation flow diagram is shown for Option 2. 

B.   Parameter Evaluation 

Option 1 

The objective of using a single degree of freedom damped 
spring mass system to describe the antiskid control cir- 
cuit input is to provide a mathematical "tool" whereby 
phase lag within the wheel speed sensor device can be 
accounted for. Consequently, the values for mass, spring 
rate and damping coefficient are chosen to produce the 
desired effect rather than to describe physical devices. 
The other coefficients are chosen to achieve compatibility 
with the control circuit. For the F-lll modulated antiskid 
circuit let the hypothetical tachometer coefficient be the 
same as for the actual F-lll tachometer, 12 volts per thous- 
and RFM. Therefore: 

(5.6) <5ws - JaZoZZTr " °'/W7 vo<rs£c/*/90 

Let the force motor coefficient, the elastic system spring 
rate and output voltage coefficient all be equal to unity 
so that for steady state conditions the control circuit 
input, £<£, is the tachometer output. Therefore: 

(5.7) 

C\A/6 -   /.O /6fi/V0/,r 

CCGV   - J.O   \ZOLT//A/C// 
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Based on information furnished by the Goodyear Aerospace 
Corp. the component characteristics and arrangement which 
is usually utilized for converting A.C. frequency to D.C. 
voltage produces about ?0 degrees (or greater) phase lag 
at 5 cps. The following equations from reference 12 
describe the single degree of freedom system's behavior 
when an oscillatory force Xo |C SIN U)t       is applied. 

X ~ i 

(5.8) 

7#t/<fi = 

(2$"4 

In these equations p  is the phase angle,$- 0*ts/2\tfw$UJA 

is the damping factor, u)/i - fCwI/y/m      is tne undamped 
natural frequency, ui   is the frequency of applied oscil- 
latory loading, and X/Xo    is the magnification factor. 
If the degree of attenuation and phase angle are known at 
a particular frequency, the undamped natural frequency and 
damping factor are established. Assuming two percent 
attenuation and 30 degree phase lag at 5 cps, the equations 
above give an undamped natural frequency of 14.6 cps 
(91.8 (tko/ssc)  and a damping factor of 0.746. 

For an undamped natural frequency of 91.8 &A0/Sfc  and a 
spring rate,CW$ , of 1.0 IbtyW the mass, M/w, is estab- 
lished as 0*f/8fKtd~sib+J&*//fif*    The damping coefficient, 
0#s  , is established from the mass and damping factor as 

(5.9) 
Option 2 

Dws * O.H>Z3K/0"Z lbtse<L///J 

For use with the F-lll modulated antiskid control circuit, 
use  the actual F-lll tachometer output of 12 volts D.C.  per 
1000 RPM.     Therefore: 

(5.10) 
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For use with the on-off antiskid circuit as installed on 
the F-104 (and B-58) the tachometer output is 20 volts per 
1000 RFM.  To make the on-off circuit compatible with the 
F-lll requires that the difference in tire size (46.5 inch 
dia. for F-ill versus 22 inch dia. for B-58) also be 
accented ior. Therefore, for the on-off antiskid circuit 
use: 3 

(5.11)   Gwcc = (ö*'*7|^|E) ~ OA voA.rs*r*/*/H> 

| 
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6a. MODULATED ANTISKID CONTROL CIRCUIT 

After introduction of on-off type antiskid systems, it 
became apparent from various analyses and studies of test 
results and operational performance that braking effec- 
tiveness could be increased if the number of antiskid cycles 
and their intensity could be minimized. To minimize anti- 
skid cycling occurrences and intensity, it is necessary to 
control the amount of brake torque being applied such that 
the available friction torque is not exceeded for as much 
of the time as is possible. A number of devices utilizing 
various principles of operation have been used for this 
purpose. These devices predominately utilize the principle 
of regulating or "modulating" brake pressure to keep its 
value as near as possible to that which will produce a skid. 
One of the first of these type devices is a hydraulic pres- 
sure modulator comprised of an orifice and accumulator 
installed upstream from the pilot's metering valve and 
configured such that repetitive antiskid cycling causes a 
temporary reduction in pilot's metered pressure. The 
Convair Model 880 airplane's Hytrol MKI antiskid system 
with hydraulic modulation is a typical example of this type 
installation. 

A subsequent development was the Bendix system which is 
used on Grumman A6A and Lockheed C141 aircraft. This 
system combines hydraulic modulation accomplished within the 
off-on type control valve with two levels of skid detection, 
(i.e., brake pressure reduction in two steps controlled by 
skid intensity). Further improvements have been achieved by 
utilizing a servo type pressure regulating valve with elec- 
tronic control to achieve a wide range of control charac- 
teristics and better accommodate widely varying runway 
friction conditions encountered during aircraft operation. 
The Goodyear Adaptive.system used on General Dynamics F-lll 
aircraft and the Hytrol MK II system used on McDonnell- 
Douglas F4C and LTV A7A aircraft are examples of the servo 
valve type systems. Within each of the types or classes of 
systems there are a number of variations in circuitry and 
component arrangement depending upon the aircraft type, 
landing gear arrangement and configuration, and the airplane's 
mission requirements. For this program a mathematical model 
of the F-lll airplane's Goodyear Adaptive Antiskid Control 
Circuit is developed. Models for other type circuits can 
be developed using similar procedures. 
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Figure A49 is a block diagram showing the basic f-  tional 
elements of the Goodyear adaptive antiskid control circuit 
as used on the F-lll airplane and showing the relationship 
of the control circuit to the other brake system components. 
During antiskid circuit operation, a wheel speed signal is 
provided as an input to a deceleration detector* Within the 
deceleration detector the wheel's deceleration rate is com- 
puted and compared to a threshold value provided by a skid 
detection threshold circuit element* The deceleration 
detector produces a skid signal proportional to the amount 
by which the wheel's deceleration rate exceeds the threshold 
value* The skid signal is applied to a valve control 
amplifier which in turn produces a valve control signal 
proportional to the input skid signal plus .my pressure bias 
signal which might exist. The valve control signal is 
supplied to the antiskid control valve (a servo type pres- 
sure regulator) for brake pressure control and to a modu- 
lation circuit element. The modulation circuit element 
interprets the valve control signal and provides a pressure 
bias signal to the valve control amplifier and a threshold 
control signal to the skid detection threshold circuit 
element* The wheel speed signal is also supplied to the 
locked wheel prevention circuit elements consisting of an 
airplane speed reference and a wheel speed comparison 
element. When the airplane speed reference indicates that 
the airplane's speed exceeds "locked wheel arming speed11 

(usually 20 mph) and simultaneously the wheel speed is less 
than that which should exist for a slightly lower airplane 
speed (usually 10 mph), the wheel speed comparison circuit 
element produces a skid signal sufficient to fully release 
the brake. Locked wheel arming speed is chosen as some 
reasonably low speed below which a locked wheel is not 
particularly detrimental. The locked wheel feature is 
deactivated below locked wheel arming speed so that the 
airplane can be brought to a complete stop. The aircraft 
circuit also incorporates circuit elements for failure 
detection, automatic cutoff and prevention of brake appli- 
cation prior to touchdown. These logic type functions do 
not affect aircraft stopping performance and are not 
included in this analysis* 

A* Modulated Antiskid Circuit Mathematical Description 

A simplified schematic diagram of the Goodyear adaptive 
antiskid circuit for one wheel as used on F-lll type 
aircraft is shown on Figure A50. This circuit accom- 
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plishes deceleration skid control as previously described 
in the control circuit functional description as follows. 
An input voltage, E^ , is provided by a wheel driven D« C. 
tachometer generator (Gen),      £$  charges the deceleration 
detector, capacitor,C, , through resistance #<*   and diode Oe 
during wheel spin-up« For normal wheel deceleration rates, 
with no incipient skidding, the generator voltage will 
decrease relatively slowly and a small current will flow 
from the positive side of &   through 8*  , the generator, 
R<-tRz,t   and transistor Qi   to the negative side of Ci. 
This current discharges capacitor O  and causes its 
voltage to closely follow^?. Transistor Qi   is the skid 
detection threshold circuit element. Qi is a current- 
limiting device that offers very low impedance to current 
below its threshold value and extremely high impedance to 
any current above that threshold. The threshold is con- 
trolled by Rz  • Diodes Oz  and Oj   provided bias voltage 
for the operation of Q\.    When an incipient skid occurs, 
the generator voltage decreases rapidly and since Q\  limits 
the discharge current into Ci , the voltage at the negative 
side of Ci   decreases and causes current to flow through R5A, 
Rb, Qtj and R3  . The current into the base of Qi is 
amplified by$z, (S3 , Qs> Qt*    and £7, (the valve control 
amplifier) to produce a voltage across Rv , the antiskid 
valve coil. Voltage applied to the antiskid valve causes 
brake pressure to be reduced proportionally and thereby 
alleviate the incipient skid. Antiskid valve voltage is 
feedback to the amplifier input through R? to stabilize 
amplifier gain against changes due to temperature and 
component characteristic variations. 

Antiskid valve voltage pulses are transmitted to the modu- 
lation circuit elements through capacitor C+ . Within the 
modulation circuit element, consisting of <T4, Rw  ,£'*, Riz, 
07, O » Cz , D? and <*V, each increase in voltage to the valve 
produces an increase in the charge on C3 . Voltage on C3 
causes #4 to charge Cz . Since Cz  discharges through R&e, KQA, 
and R\   , the voltage onCi  provides a threshold control 
signal to<$.  The charge on C3  , and in turn on Cz  , is 
a function of the amplitude and frequency of valve voltage 
pulses. Voltage on Cz    is also applied toOzthrough R$g 
and £4 to provide a pressure bias signal to the valve con- 
trol amplifier. The operation of the modulation circuit 
element results in an automatic threshold change to the skid 
sensing circuit and a bias to the valve control amplifier 
to match the braking conditions being encountered. 
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The mathematical description of the operation of the 
Goodyear adaptive electronic antiskid control circuit as 
shown on Figure A50 is developed with conventional cir- 
cuit analysis techniques using Kirchhoff's Laws« Figure 
A51 is the schematic diagram from Figure A50 with the 
transistors and diodes shown in terms of their equivalent 
circuits and the various currents and voltages identified« 
The transistor and diode equivalent circuits are adapta- 
tions of equivalent circuits developed and described in 
references 13, 14 and 15. Some of the diode forward resis- 
tances are combined with other resistance in series with 
the diodes and are not shown separately. Also, since the 
current through R< (the output resistance of the wheel 
speed signal source) has three non-mutually influencing 
components, Re,  is included in Ra , fto& and R\$  to simplify 
equations. Other simplifications will be described and 
discussed during the development of equations. 

Referring to Figure A51, the ci cuit equations are 
developed as follows: 

The voltage across capacitor Ci is defined as: 

CD    Vc, - fvci dt 

(Al)     Vc\ =   fid/C        ofi.    Vci - Ac\ C(*02 

f\c\   is the current through G and C\ is the capacitance. 
fic\  is established by summing currents at node (fih äS: 

(Nil)   Ac^ Aoe~ Atz. 

Using Ohm's law and summing voltages around the loop 
of which Roe is a part, flo&    is established as: 

(RIO)   AOQ- (E<s-Vci~Eoe)/foe   **(£«-*.-&*)** 
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Noting that because of diode Cö, /fog  is restricted to 
positive values only. 

To combine constants, write equation (RIO) as: 

(RIO)     /fo3 * (£«-*fei)Ciid-Aa/    /=** lfa-k\>£**/iMi 

- 0 fat Ut -it,) ^ Ccu/Ctzi 

By summing currents at Node Wl4, current /}IZ is established 
as: \^S ~ 

(N12) fin ~ /fe * yfeai 

Substituting equation (N12)  into equation (Nil)  gives: 

(NU)' fci-  Aoa-AK3-Ac4\ 

To compute ftcgi  it is desirable to first obtain equations 
for the voltages at the base and emitter of Q\ in terms of 
the base and emitter currents and the appropriate voltage 
sources.    The voltage at the base of<$i  istfßi   .    Summing 
currents at Node (Nl) establishes current AR\ as: 

Summing voltages around the loop ßi,K&ßf Heß to   Vcz 
gives: l//?ö*+i/fc80 r \Jc2~V#/ .    If the current through 
diode 04- is assumed negligible,  then    /)#9A = /9/Z08, 
(Because of the relative resistances,  the current through 
/?4 is a very small fraction of the current through ß$s). 
By Ohm's law,    \fe&q iV#9$ " AtSA LUdA +K&e)        and 

V#f = /?/?/ d\      >    Substitution into equation (Nl)  and 
solving for fa\ gives: * 
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The voltage at Mode @ is £oz+Y*Ot    .       (Here two diodes 
Oz and Ü3 as shown on Figure    50   are combined in an —>^ 
equivalent single dioJe).    Summing currents at Node (N2) 
establishes current flot as t 

(H2):        fat ~ /fa, -fits - few 

By Ohm's law,   Mftte *^z/?P*, V*4-/?«*#« , and 
(lM6f<rlfaSi)*Xtar( &>' ÄaÖ (Note:    Because of the 
relative resistances,  /fe*   is a very small component of 
the current in &>? and is assumed to be zero when computing 
faoz .)    Summing voltages around the appropriate loops 
establishes that   fa4-Vst-V*OZ-£:oz     and    Vfefc/-ffo»- 
Vßoz*£=oz>     •    By substitution into equation (N2) and 
solving for Vfc02 gives: 

(N2)'.,.___ [%'*#^5)-^'L 
I/KOZ- /1+1 + _! \ 

{ ßoz       *«-      <ZSA + RsRj 

Summing voltages around the loop through which /jß$[ 
(the base of current Q\)  flows results in: 

(Q-i)   £oz + VAOZ -VZZ - tea \-Em- Veqi -VM-O 

By substituting      V/ZZ ~/)£Q\fcz  t   V&ki *- fl£&\ &ea\ 
amd   \/6d\ - Aßa\ fL&a\      (From Ohm's Law) along with equations 
(Nl)',   (N2)', and the basic transistor relationship 
fleQi* tKFf|tl)/l8^l   into equation (Q-l) and solving for Ae$\ 

(Q-l)*      Aea\* Cboz- Cbosl/cz,      , »iM&e 

&>zs 

I«»«- fe * B/(' tt - /ft-'i *iJi 
Z603- 

^^-ftig"*ö£Vf,fW+f/^^*ö: 
241 

-—-•'—---•      •   "II    lTlfll"liar-rillHII       " .»MaMJ-^itf.^.'....^ -.     ,   ;,.^^^L^^.MJi...^».mM>t,.,.fi,^.Mii.i<,,rm-iltlJ»ii«   , ••!•>,.•..„-.v.-.^jdi 



And where in the above fo>*flf#t/l$n   and £&*£&/> tfl&e. 

For <3t to operate as a transistor, l/c*i   must be positive« 
Using equation ftj-i)1   ,  the basic transistor characteristic 
(Q2)   /te$i-K«,/J«i/0i#,*)and  by writing, the voltage loop 
equation through DZ k\tH\Z,Ci and(.6cV) it can be shown 
that Ve#|   is positive for   (E^-Vci)   negative; therefore, 
equation (Q-l)' is applicable only for   L&G~/ci\<0 * 
Substituting (Q-l) into (Q-2) gives the following equation: 

(Q-1C)       fie* | * C(o04 ~ Cttf VCz      FOIL t £* - til) <- o 

*o Fo*.l£s-Vct\±o 

-O fan MCx*-t**+/Ci>or 

Ooi - fax (. T^TT] 

By summing currents at node ^Kj,  current fi/13 is established 
as: 

(N10)      tf/ZS =   #£42. t A Al 

To compute the components of Mi  (i«3»»/&3& and/?^7 ) it 
is desirable to have equation (N10) in a form where fi^-j  is 
expressed in terms of the appropriate voltages and resis- 
tances • By summing voltages around the loop Ry, £7 , K ? , C\ 
and GEWJVSMIS established as: 

(V7)    &7=r£V-tfe*-lf*-^i) 

Substituting equation (V7) along with  Vfe? = y9*? /2j 
and VM = /tAi fa    into (N10) gives: 

<N10>'   /?«* -43£     t^- - j£f^il 
/^^/h      ftit«^       Wt^O 

To combine constants write as: 

(N10) "    ÄM - /feifc. Ctf/A + lßtf-(&-£illCtts 
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To compute current  fi£Qi  , sum voltages around the loop 
through which flB$z flows: 

(Q-2)   Vy - liter Eat. - fete -fe?-i£*' 6t\ = o 

Here voltage   VK    is the base voltage on Q2 and is either 
U&g-t&tJ     or (m\/ct-l>fc88-£p+)       whichever is the largest; 
therefore,  there will be a version of equation (Q-2) for 
each of these conditions.    To establish which condition 
exists, it is necessary to compute ^6 - Vfa)     and {tfcx*&tB-&*\ 

During derivation of Equation (N2)f  it was observed that 
lf%£?+ti&£ - Jftli. +&0Z        and it was assumed that/?46   was 
small when compared to fißs •    Using the same assumption 
)fef$   is established as follows by Ohm's Law: 

(R-5)        \ka = A*s fas 

By substituting  fl&f{/L&rfcä\ = Vfi-f* + *&r# 
into equation (R-5) above gives: 

(R-5)1 V«<rö s  feB lV*PZ *£Q^/(R** *&*) 

By substituting equation (N2) '  for  V^ä and investigating 
the influence of Xtali  within its allowable range,  it can 
be seen that for practical purposes tf&g is a constant. 

To compute   1&6 ,  it can be seen that /fat* equals   Amt. 
when My  is |fe*8-i&6    \ therefore, Vic" fate. Ab      by Ohm's 
law. 

By Ohmfs Law   ^ftfe * /?*B6 ßßß •    Since the current through 
D4 is very small and may be assumed zero, and since /)SQ. i 
is such a small component of the current through Rl that 
it can be assumed zero, by Ohm's Law: 

(V8) flat-An**   Vcz/tRi+tefy + tea) 
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Therefore: 

To establish whether  W« I. U^S - ^6^)  o* 

W » £ ** ( Z^T*9S) - &»] 
A voltage VB will be defined as follows: 

if   Vs > <?,  (VY-1)       Vy * L Vfcx &t - ^4-7 

if   AiO,   (VY-2)      \/y .- [ Vfe-0   " ^ /?6*J 

where OH above is defined as: 

&.= »I /^/ *- £g*t&8ß 

To combine constants and expressing /)öa2  as  flsm/hfei+'l 
equation(Y#) may be written in the following form: 

(n)    Ve * \ICz CM * AEQL Ceot - Cm 

Before proceeding with the computation of /)&$ , the valve 
control amplifier and modulation circuit elements will be 
examined to develop equations for £vand Vet • 

By summing currents at Node (N5) current nos" is established 
as: 

(N5)     ftos '   A*4 ~ fic+ 

The voltage at Node (N5) is defined as Vx • Summing voltages 
around the loop Rv , fo , #/- and v'x gives: 

(vx)   |/x s Ev+Eot,* \/x.of + Eos' 
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By summing currents at Node(N4), current fl/u7 is established 
as: 

- 

(N4) Ana kv-fifc 

By substituting equations (N4),  (N5), and (EV) into 
equation (VX) and by using Ohm's Law to establish that 
£u * A*Avj  V/tn - /9/ln £a and IW *A*s Hof     VX is 
established as: 

(vx)'     vx = A&r C400 + Cwi 

By substituting equation (EV) into (N4) and using the 
relationships Bv-/ivRk   and Vfi.n^Atn Hn   EV is established 
as: 

(N4) *   EY - /?of C404, + C40I 

The operation of transistors Q2, Q3, Q5, Q6, and Q7 will 
now be considered to develop an equation for current AVA 
(Valve Control Amplifier Output Current), 

By summing currents at Node^7; current flfo  is established 
as: • 

(N7)     /fof-- A«7 t Alt 

By summing currents at Node $1%  current^ is established 
as: 

(N13)     Ali-  Atto + Aw 

By summing currents at Node 6*6), current AfLio is 
established as: ^"^ 

(N6) Afi.U>*   Aeqfo-fiBfrl 

as: 
By summing currents at Node urn current /9/V? is established 

(N9) /?#}-   /?0** -/fRots' 
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Summing voltages around the loop, ß^-j , fc*$1    and (JJO 
gives: 

(V10) V/llö -  )fun f ^*7 f l4*7 

By using the relationships   \lkio ~ Afiio £10*   V&ll*fekl ReQTi 
and Vßft * ASfr &B#)      as established by Ohm's law 
along Tith the transistor characteristic /fe^7 = {.hfen+t) AßQl 
and substitution equation (N6)  into (V10) and 
solving for   jfSQ7 I 

(vl0)'    fisai =   .&* R
x'° ~ £° T 

By substituting (V10)' and (N6) into the relationship 

(Aio)     yk0 ~ Aeau C402. + CM £4*1 

Summing voltages around the loop RIO, £*r<u } d 
fea*t&***  and#* gives: 

say V 

(V9)   0-^0^0.(0 +£<*<* +i/«a<,*l4«r +£*r*l/tof-lfa 

By substituting equ^r.ions (AIO) and (N9) into (V9) along 
with transistor characteristics   /ieau ~LhF&+i) fa*G 
and fie** =, (,fcw*/) fait and th<>. Ohm's Law relation- 
ships   VM*AtiAf   >  rf«t*7fr*fc£n|4     »   MWfr«^«* ^»^ 
14«JTc /fe^ ^ /    and   kJwr - *Mf tear    and s olvinS for 

(V9)' 

/?<** &-j£ A4» ^^r * Cid Etn) 

}A        Q K.8<H,±#ear   ,  Hear* >£* 
(Itftftti) ftis?/t/)(W^/) 
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Substituting equations (N13),  (N6),  (N9), and (V9)f into 
equation (N7) along with transistor characteristics 
Aeas-* (,hf?rrf) Aw?      and  Ae&t» * (JtW *t) A3<z& 
and solving for /fa gives: 

(N7)' Afa ~ /&?*„* £*04 - £Vw 

It should be noted that these operations involving Q5, Q6, 
and Q7 assume that Ara? is large enough such that AVA- is 
not negative and that the applicable supply voltages, VSl 
and VS2, are large enough to keep Vcai t vca<»    and \JcaX" 
positive at all times« The latter assumption can be 
proven to be true for the range of currents experienced 
during circuit operation« If Ac^3  ia not greater than 
C405/C404, insufficient voltage is developed across R9 
to cause Q5, Q6 and Q7 to operate. For #CQ$ less than 
C405/C404 all of feia  goes through R9 and Am = Aca$; 
therefore? equation (N7)' has two fonus depending on the 
value of Ac$3 . Write these two forms as follows: 

(N7)" AvA ~   Ac#3 CVöV " £«Jf      foL /hii ^^^1 

Supply voltage VS2 is large enough 30 that voltages Vc%3 
and Ve&s  are always positive and a small leakage current 
AC<&ö  flows. All the equations developed here are for 
the increment of Aca3  above the leakage value« 

By using the transistor characteristics Aca3 « km A&&3 

And if at Node N15 
then: 

/)L»/S-O , Asus ~ /?caz. 

(Q3)      Ac613  = A**L   CöOt, 

The operation of the modulating circuit element will now 
be examined* To compute valve voltage EV from equation 
(N4)' the value of current Apf which is established by 
Equation (N5) is required. Equation (N5) shows that a 
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component of Aß?  is /?c$ . Before developing equations for 
computing f\c{  some observations relative to the operation 
of C4 and Q4 are helpful. 

By summing currents at Node (N8) current Ac+ is established 
as: 

<*> Ac+ - /Ian -AAM 

However, because of diodes D7 and D9 currents A-dw   and /I4UJL 
have limitations depending upon the direction of voltage 
across the diodes.    Summing voltages around the loop C3, 
Rll, D9, C4 to VX gives: 

(Vll) VCJ+\/AH tfi>1 +l/c*-/x = ö 

Substituting equation (Vll) into the expression 
V/IU'/U/IUH^S established by Ohmfs law gives: 

(vii)'   Mn =  VK-^-^-ZCS   ^L/ll_/cy^i)>ö 

Because of D9,   fifai - O fct/L 1/K -&£* -£<% "l£i)-0 

Summing voltages around the loop C3, R12, D7,  C4,  to VX 
gives: 

(V12)       Vc'z ~ J^/Z -Ffil + l/c* "1/K "a 

Substituting equation (V12) into the expression 
]/&}L~/)Ri2.R\i.&s established by Ohm's law gives: 

(V12)'     At**  Ü* -£o?+fy-i/t   rtA(l/c>-^^-d)>o 
Xiz. 

Because of D7 fo^ - Q ft*.lfo&P7*&v-A)-0 

Summing voltages around the loop C3 through Q4 to C2 gives: 

(V-Q4)       VC3~VSa4-l*a4'-\fe4* ~^CJL =0 
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Since the currents AM4  and 4&+  in transistor Q4 are 
restricted to positive values only, voltages VBQ4 and VEQ4 
are always positive; therefore, equation (V-Q4) shows that 
VC2 is always less than VC3 by an amount at least-, equal to 
EQ4. Also, because of diodes D7 and D9, no current can 
flow from C3 through Rll, D9, D7 and R12 to C2. For these 
circumstances, it is observed (1) that ior/)c4  positive, 
all of Ac<f.  passes through Rll and all of //&ti  is /let 
and (2) that for fitf.  negative, all of Ac* passes through 
P.12 and all of A***- is - /?c*. 

Since there cannot be positive ntli   and positive Jr/llZ. 
simultaneously, equation (N8) evolves to: 

(N8)'   fie* ~ /I tit föH Ak\\>Ö 

Act » o rot fan*d Am /Miz-c 
flc$ - - ARM. PbA. Ak\X>Q 

By substituting equations (tf5), (VX)' and (N7)M into 
equations (Vll)* and (V12)', equations for Ac4 are 
developed for each case. 

The remaining equations for the modulation circuit element 
will now be developed. Substituting the expressions 
VßQ4~A86l4- HBQ4     and ^24 *Aea4 &e#+ as established by 
Ohm's law along with the transistor characteristic 
/)e$l - iKfe+rt) A-ßa* int° equation (V-Q4) and solving for 

= 0 &>*.(/&-£*4.~&4 -Ö 
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To combine constants, write equation (V-Q4) as: 

(V-Q4)      A&M s [}/c3 -fa) &,2Z ~Ct,23 

- o 

Also, since current AEQ4 is needed, define the transistor 
characteristic as equation Q4: 

(Q-4) /9#®4 * #**+ C&9 
where C6ty - (/)?&• * I) 

By summing currents at Node (N14J current ficz, is 
established as: ^-^ 

(N14)        Act = /#£#4 ~ A&M- Ate & 

Using the same assumption relative to nkfo as was made 
tor equations  (Nl) *  and (V8)  and by Ohm's Law   fl&fA 
is established by equation (V8)  as: 

(V8)        fitttfk- "» iff: (Repeated) 

By 
n s: 

summing currents at Node to) current ßcj is established 

(N3) ftCl «   fitorftfLt* -#&& 

Current /fe/f is computed from    !/£.? = nM £it 
established by Ohm's  law and ßß$4  is computed from 
equation (V-Q4)f and Equation (Q-4). 
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Equation (N8)' establishes that: 

A&IZ ~ -ßcq. Fo/L Ac^^o 

- O FOK Ac* Z- ö 

A All ~  Ac* fo/t /}c4 >0 
=  O Fü/L   Ac4-0 

Substituting the above and equations   (V8)  and  (Q-4)   into 
equation  (N14)  gives: 

(N14)»     fcl=fa6ACu4-*fei-)ktCm   FöüAW^O 

- AW$ C&t " VCZ C6/8     F*tL ftc4*0 

Similarly, by substituting the above 4fU\ to fid 
relationship and \/c3'- A/U4 A tf into equation (N3) 
A-C3 is established as: 

(N3)'    Acs r /)c4 - )/c3 C4/9-i4m        MA A*4>o 

= - l/cs Cttf - Am mi Act ±o 

The voltages across capacitors C2,  C3 and C4 are established 
by: 

(2) VCx =     \VC% dh 

(A2) \fCz^       <?6ö9Ac± 

(3) VC3 =    jVcs Jt 

(A3) \JC3  -       C6/d Ac3 
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(A4)     t^= at/Ac* 

All of the equations describing the antiskid circuit's 
operation have now been developed; however, to obtain a 
computer solution of these equations, they have to be 
converted to a suitable form so that there are no "closed 
loops." Also, since the equations for /)&%z.   /)M <2nJ Act 
have different forms depending upon which circumstances 
exist, a procedure must be established to define which 
form of equations (Q2), (N7)" and (N8)' applies for each 
instance. There are twelve (12) possible combinations of 
circumstances as shown on Table A14. The procedure for 
defining which condition exists will be to assume a condi- 
tion and develop a set of equations based on the assump- 
tion. Using these equations, the assumption will be 
tested. If the test is affirmative, the assumed condition 
exists. If the test is negative, the assumption is 
incorrect and other assumed conditions are tested until 
an affirmative test result is obtained. To illustrate 
this procedure, the equations for circuit condition 4 will 
be developed: 

For circuit condition 4 Act is positive,^5 greater than 
C'te/Cm and VB greater than zero. Substitute equation (N5) 
and the applicable version of equation (N7)" into equation 
(VX)f. 

(VX) »-4   V* -  ( /) c<35 Cto* - <^W - /ic4\ fvoö -r Cm/ 

From equations  (N8) f and (Vll)!  Act is established as: 

(N8)' - p      fic4 -   vfc-^-gg*-^ 

Substitute  (VX)f-4 into (N8)*-P and solve for   /}c4 

(N8)f-P4 
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Table A14 Modulated Antiskid Circuit Conditions 

Circuit 
Condition 

Capacitor C4 
Currant Mode 
(See Note 1) 

Valve Amplifier 
Operating Mode 
(See Note 2) 

Pressure Bias 
Signal Condition 
(See Note 3) 

1 /Ic4->0 fimz -C&07 Vß^o 

2 flct> O fl£QZ~C6o7 Ve >o 

3 /tc+>0 flt=QZ >C6o7 Ve^o 

4 fic4>0 A&it >Ci>o'? Vß>o 

5 flc4-ö flEQZ ±C&>o7 Vs^o 

6 flc+=o flzQZ. ^Ct>o7 Vs>o 

7 flc4 -O fl£QZ. > C6ö7 Vg±o 

8 /Ic+^O /?£QZ >C&o7 Vj>ö 

9 flc4-CO fi£GtZ   -C&07 V**o 

10 ticl + O titez £ C&07 \fs>ö 

11 /)c*<0 rfaaz > Ct>o7 V*&o 

12 flci-^O fe&z. > C607 Vs >o 

Notes • 

1. Capacitor Cf is charging for /?c4->0i static 
for Wc* =o      and discharging for /let < O. 

2. The valve amplifier is amplifying for 
AEQI >C&o?      and is cutoff for femi ~Cho7. 

3. A pressure bias signal exists for   V#>0 
and does not exist for  Vs&o. 
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Now substitute equations (N5), (N7)" and (N8)*-P4 into 
equation (N4)' and solve for EV 

(N4)f-4 

Substituting equations (N4)'-4, (N10)', (Vy-1), 
and (Q3) into equation (Q-2) and solving for Aeca. gives: 

(Q-2)-4   /feu» 'fa-ib )Cm **U 6*» -üi/rh)frfi -tCisz. 

By substituting equation (Q3) into equation (N8)'-P4 an 
equation is obtained for computing AC4 using the value of 
fi£HZ   obtained from equation (Q-2)-4 above and making 
this substitution and combining constants» equation 
(N8)'-P4 can be written as: 

(N8)-4     fic4 ^Am} Cm _yaf /c£ Ceoi _ CeQf? 

lf [(Aeaz)Cecio H\tci*/«)Csd- -C#OTJ > O 

The value of AffAZ from equation (Q-2)-4 may also be used 
for computing VB. 

Using equations (Q-2)-3, (VB) and (N8)-4 the assumption 
that AC4.>0 y Acetf >C4ö5'/C4o4 and VB >Q  can be tested. 
If the test is affirmative, then values for Ac<j-t AR.3   and 
EV can be computed. If the test is negative another 
conditions must be tested for. 

Tables A15 and A16 are a summary of test equations 
developed in the same manner as above. Since equation 
(Q3) establishes a linear relationship between Ae'az  and 
Acö.1  and since Aeuz. needs to be computed as a step in 
the computation of/%, the test equations for /tea? will 
be performed implicitly by computing Aea.% and comparing 
its computed value to C607 where C607 is defined as: 

C607 €<&$• 

(c+tHySte) 
Currents At+  and A*it%,  are computed using the applicable 
test condition equations. 
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Table A15 Valve Amplifier Operating Mode Test Equations 

Circuit 
Condition, n 

Applicable Equation (6a-Q2-n)   (See Note) 

1 Ami, * ~(£<s- Val CiJfc -CVa* Vc*) C*J"? i- C+M 

2 fiezLi --  Vcz C+&/ - (t-Q -Va) C4S<? - (fa +6^C46o t C*b2 

3 fimz. z -(£t-Va)C44U-(lht1fa)c447 + C41B 

4 /feat-.   VczC&b - (£s-Vc!)C<tt9 -tiki*£*)&# +C4SZ. 

5 fa*z* - (£<$ -i4t) Cfj/ i-Cs'sz 

6 /I^l ~-   Vcz CJ>J?3 -(£s~4t)CJft-CS&r 

7 fi&kZ  ~ -(£<5-\/ct)Cf2L +CS27 

8 /teai - &z Csxf- fee -i/c/)CJ2? -C&O 

9 fcaz =-(£*-)it)C4ts-ltf:z*\bi)Cs*c +C&7 

10 feat - l/cz Car- (£s'l&t)G&f-(lfarlh)CSto-Cfr/ 

11 fecit = -(£<s-l/ct) CS7* ~(14Z vVoi) Csn +CS77 

12 /?£$*.  = Vcz Cs-?s> - (EG • - i/d) Cf79 - Mt t \/cJ)Cs8o - Cs*$ 

Notes: 

1.    For circuit conditions  1,  2,   5,  6,  9 and 10- 
if /}£QZ < 0,  set A?QZ =o 

2.    For circuit conditions 3, 4,   7,  8,  11 and 12 - 
|          if   /7*<?£>C8o2, set#£Q2- C802 
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Table Al6   Capacitor C4 Current Mode Test Equations 

Circuit 
Condition, n Applicable Eauation (6a-N8-n)                               ! 

1 & 2 

/A [(AmzlCm -Li/cs^ Cm -C907] >o 

3 & 4 Ac4 = ^/few) £*w - (Va+i/a) CQO4 -epos- 

/t I (Ami) Cm - WCs* fo) Sew' C&r] > ° 

5 & 6 

L(/tevL)ct/i - o/ei* fcJjCm <3/zl^ 0 

7 & 8 

9 & 10 
Ac4 -  t/t*4l) Cttl -L\/CZ4\/C4)CM -C8IZ 

tfiWmzjCM -1 i/a *fa) CM -£mj< 0 

11 & 12 
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For the cases where fl£QZ > C607 an upper limit must be 
established to represent saturation of the valve drive 
amplifier. This upper limit is called C802 and applies 
to the applicable circuit conditions noted on Table A15. 

Table Al7   Summary of Equations for Computing 
Current /IDS' 

Circuit 
Condition, n 

Applicable Equation 6a-N5-n (See Note) 

1 & 2 /IDS - /7M i Ct>o<e - //c-t 

3 & 4 /los - /IMAZ CM C-tot -C4GS -rfc* 

5 & 6 flos- flv/ii Ceo* 

7 & 8 /Jos- /twx Ctok C+04- - C4-os 

9 & 10 flos - /Iv/tr. C<i>ot> - Ac* 

11 & 12 ADS - /IVAI C6o& C*o<i- - C&>s - /Ic* 

Note:    For « all circuit conditions  if flos+O,  set ftoS'O 
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As shown on Figure A49 the locked wheel prevention cir- 
cuit elements also have an input to the valve control 
amplifier. In the equations thus far it has been assumed 
that the locked wheel skid signal,Aiws at node $15), is 
zero. When computing the valve voltage, it is necessary 
that the non-zero value of fiiWS  be accounted for. If flews 
is not zero then equation (Q3) is: 

(Q3-1)   /}c43  - C&<H> /)e$\ f-kpgf/}lWs 

SinceAüVS  is a two valued variable (i.e. either zero or 
the value required to drive the amplifier as necessary to 
achieve full brake release) insofar as valve 
voltage computation is concerned, it can be considered as 
a current which can be added to HMQ.IL   in Equation (Q3). 
If we define a current AvAz   , valve amplifier input 
current, as: 

(LW-1)    /IMX-   A£41  r ALVUS 

and treat this current like fleai,  in equation (Q3) and if 
we substitute equations (Q3) and (N7)" into equation (N5) 
an equation for computing ADS' is formulated for each cir- 
cuit condition. Current fto*  is then used in equation (N4) 
to compute EV. Table Al7 lists the version of equation 
(N5) which is to be used for computing current flpif for 
each circuit condition. 

Since the variables EG and VCl are always used in the form 
of their difference, we will define the difference as 
equation (5) 

(5)    £e-Vc  = L£<s-tit) 

For the cases where the antiskid control circuit mathe- 
matical model is used with the flywheel system or three 
dimensional airplane system, the flywheel velocity, VF, 
or the airplane velocity, X, as applicable, will be used 
as the airplane speed reference circuit element. The 
wheel speed comparison element will be described as follows: 

(6)   dim - C&/7     Pot   \/f>Cctf AM £<z < C6/(, 
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Table A18       Modulated Antiskid Circuit Equation Summary 
(Sheet 1 of 2) 

Equation No. Equation 

<6a-l) Vci=/Vc'i dt 

(6a-Al) Va* Ac\ CUB 

(6a-2) i/c2= f VC2 it 

(6a-A2) Vbf   /?C£ CW 

<6a-3) \fcv f Vet 4t 

(6a-A3) \^3= ^3  C6<o 

(6a-4) Vti= /VC4 <ft 

(6a-4A) &, /&*&* 

(6a-5) (Ee-V#)*   F<$~\/c( 

(6a-6) /?i^ -iQW     Fo*. 1/F> C&lb/wo BGCCCIL 

A O        Fo* VF ±&&M ES Z-CUü 

(6a-Lw-i) fan -z. flzaz f /iiws 

(6a-N3) fic3~i/lc+ - Va &#-Am      FO# fki> O 

(6a-N4) £y =   /?P5- Äd* f C&T 

(6a-N5-n) See Table Al7 

(6a-N8-n) See Table A16 
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Table A18   Modulated Antiskid Circuit Equation Summary 
(Sheet 2 of 2) 

Equation No, 

(6a-N10) 

(6a-Nll) 

(6a-N14) 

(6a-Q2-n) 

(6a-Q-lC) 

(6a-RlO) 

Equation 

-1 Aeq^Ce/f • \/cz C6/<a /z*./k*±o 

See Table A15 

Aoi\~[Cu»-CiaS^Ci.     R>fi.(£s-&,) to 

fiDi - 
**. (jBe-Ve,) > Ctaf/fam 

\0      P*. üzJc,)<; Cto/i^ 

(6a-VB) Vß = \)Cz CM + Aec& cm - Cm 

(6a-VQ4) Am --(^i-Vu) Cuz- C&3 

\0    R*(&-&)±&a/a2 
2~ 
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The conditions which define the circuit's mode of operation 
at a particular instant are:  (1) the current, AC4-,  into 
capacitor C^  is either positive, negative or zero, (2) the 
valve control amplifier is operating either in the cutoff 
mode or in the amplification mode, and (3) the modulating 
circuit element is either providing a pressure bias signal 
or it is not. The valve amplifier condition is indicated 
by current AGGLZ being equal to or less than C607 in the 
cutoff mode and being greater than C607 in the amplification 
mode. The pressure bias signal is indicated as existing 
when voltage \J8  is greater than zero and as not existing 
when \jß   is equal to or less than zero. 

Table A18 summarizes the modulated antiskid circuit equations 
and the equation flow diagram is shown on Figure A52. 

B.  Parameter Evaluation 

Table A19 lists the parameters defining the modulated 
circuit's operation.    The values for the constants are 
computed from various circuit element characteristics 
(resistance,  capacitance,  etc.)  as described in reference 
13 and in the semiconductor component manufacturers  catalogs. 
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6b. ON-OFF ANTISKID CONTROL CIRCUIT 

Most aircraft on-off type antiskid systems operate accord' 
ing to the functional block diagram shown on Figure A53 
The various functional elements may be electrical, mechani- 
cal or a combination of electrical and mechanical devices. 
If during braking the brake torque applied to the wheel 
exceeds the amount which can be reacted by friction at the 
tire-ground interface, the antiskid system operates to pre- 
vent tire skids as follows. A wheel speed signal is pro- 
vided to a deceleration detection element where the wheel's 
deceleration rate is computed and compared to a threshold 
value which is provided by a skid detection threshold ele- 
ment. The deceleration detector produces a skid signal 
whenever the wheel's deceleration rate exceeds the thres- 
hold value. The wheel speed signal is also supplied to a 
wheel speed reference element and a wheel speed comparison 
element. The wheel speed reference element is a "memory" 
device which produces a "comparison index." The "compari- 
son index" is the wheel's initial unbraked speed minus an 
adjustment to account for the aircraft's deceleration. The 
wheel speed comparison element compares wheel speed to the 
"comparison index" and produces a skid signal whenever the 
wheel speed is less than the "comparison index." The 
deceleration detection element initiates a skid signal and 
the wheel speed comparison element maintains the skid 
signal until the wheel has regained most of its initial 
speed. The skid signals from both the deceleration detec- 
tion element and the wheel speed comparison element are 
transmitted to a valve control element which acts to con- 
trol the antiskid valve such that the brake is released 
when a skid signal exists and the brake is applied when a 
skid signal does not exist. 

An electrical system of the form shown on Figure A54 
or a mechanical device as shown on Figure A56 are the most 
common means used for implementing the on-off antiskid 
system function. 

Electrical On-Off Antiskid System 

Figure A54  is a schematic diagram of the Goodyear elec- 
trical on-off antiskid control circuit as used on the Lock- 
heed F104 and General Dynamics B-58 aircraft. This circuit 
accomplishes on-off antiskid control according to the pre- 
ceding functional description as follows: The wheel speed 
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(A) Schematic Diagram 

^H 'vW—II~-(NI) »»• yg£; 
VM 

(B) Mathematical Identification Showing Transistors 
and Diodes in Terms o£: their Equivalent Circuits 

Figure A54 Electrical On-Off Antiskid Control Circuit 
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indication element, a wheel driven D. C. tachometer 
generator (GEN), supplies an input voltage EG which is 
proportional to wheel speed. EG charges capacitor Cl 
through R5, Diode Dl and Resistance RG during wheel spin- 
up. Capacitor Cl is both the deceleration detector and 
the wheel speed reference element. For normal wheel decel- 
eration rates, with no incipient skidding, the generator 
voltage decreases relatively slowly and a small current 
will flow from the positive side of Cl through R5 and 
through D2 and Rl, (GEN) and RG to the negative side of 
Cl. This current discharges Cl and causes its voltage to 
closely follow EG. The amplifier comprised of R2, Ql, R3, 
R4 and Q2 acts as the skid detection deceleration threshold 
element, the wheel speed comparison element, and, in con- 
junction with relay Kl, the valve control element. When 
an incipient skid occurs, the generator voltage decreases 
rapidly. R5 and Rl limit the discharge current flow into 
Cl so that the voltage at the positive side of Cl increases, 
The value of the voltage at the positive side of Cl is pro- 
portional to wheel deceleration rate. The amplifier charac- 
teristics are set so that when the voltage at the positive 
side of Cl is a value Vsor   or greater, enough current flows 
into the base of Ql to cause Q2 to conduct sufficiently 
for relay Kl to actuate. When relay Kl actuates the supply 
voltage is applied to the antiskid valve coil LV. The 
voltage across the antiskid valve coil, EV, is equal to the 
supply voltage. Actuation of relay Kl also causes Rl to 
be disconnected from ground so that the resistance in the 
discharge path of Cl is increased to aid its action as a 
wheel speed reference. Voltage \/SDT  is the skid detection 
threshold. More modern versions of this circuit utilize 
transistors to perform the function of relay Kl; however, 
their operation is the same. Resistor R5 is the speed 
reference adjustment element. 
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A-1 Electrical On-Off Mathematical Description 

The mathematical description, cf the electrical circuit's 
operation is developed from Figure A54(b) which is the 
schematic from Figure A54(a) with the transiftors and 
diodes shown in terms of their equivalent circuits and 
the appropriate currents and voltages identified. 

The voltage across capacitor Cl is defined by: 

(6b-l-l) Vcr'jvci it 

where (6b-l-Al)     Vc\*   f{cxCno$ (C-?os* */c) 

Current AC1 is established by summing currents at node 
(ju) as: 

(6b-l-Nl) Ac, - /Jo, • A** - ADZ 

Using Ohm's law and summing voltages around the loop of 
which RD1 is a part, current AD1 is established as: 

(6D-1-R1) fl0{9    Es-fa.£ol/fi0i      fo*fe-*>-6i)>0 

r   O fo*(£G-Vc,-£o)-0 

To combine constants, write equation (6b-l-Rl) as: 

A*\~(£* - Vet) Clou - £-?o<?    *>A (£s- l/c) >~ 

Noting that because of diode Dl, ptv\  is restricted to 
positive values only. 

In a similar manner, using Ohm's law and summing voltages 
around the loop containing R4, current flft«-is established 
as: 

(6b-l-V2)      fa+m  (£9-\/u)/iL4.      o/L   A**=(£6-fa)C7or 
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Summing currents at node N2 and noting that because of 
diode D2, current AD2 cannot be negative gives: 

(bb-l-NZ) A01= A*4I +fa\ 

* Ö 

By Ohm's law the voltage across RD2 is 

(6b-l-V3) Voz*AozRo* 

For the case where no skid signal exists and relay Kl is 
not actuated, Rl is connected to ground and a current 
ARl may flow.    Using Ohm's law and by summing voltages 
around the loop Rl, D2, Cl and (GEN)   /?«» is established 
as : 

(6b-l-V4) Aft\ • Vci-Eq -Eoz-Voz/'R\ 

Since the variables EG and VC1 are always used in the 
form of their difference, define the difference as: 

(6b-l-3) (£<f-i/c.) - BQ-VCI 

By substituting (6b-l-V3) and (6b-l-N2) into (6b-l-v4), 

(6v-l-V4) • fa\ - 
(Vc-^-frz)        foaid oz 

By summing currents at node @, current AEQ1 is 

(6b-l-N3)      flM{S  flu* * fa 

By summing voltages around the loop containing R3 and the 
base and emitter of Q2, 

(6b-l-V5) O - Vte - Vgaz - V&siz 

ll\ 



Note:    For Q2 the base-emitted junction 
potential has been omitted to reduce 
mathematical complexity.    This is jus- 
tified because whether or not Q2 is 
conducting has negligible effect on 
current flc\. 

By substituting (6b-l-N3) along with the Ohm's law 
expressions   fteaz * ti$&t,/f£$oz  /?A/O   A eat- ^GZ/XBOZ, 
and the transistor characteristic As**.* ('h?sz.t->')/?#4z\ 
into (6b-l-V5) and solving for fte<sz, , 

(6b-l-V5) ' fltQX s   J£*L*L--— T- 

By substituting (6b-l-V5) '    and (6b-l-N3) into the Ohm'? 
law expression    V/13 * fas %3 

(6b-l-2) /« -   K, ***,[/ - -^Z^^^^l 

By summing voltages around the loop R3, REQ1, EQ1, RBQ1, 
R2, RD2, Cl and (GEN) 

(6b-l-V6)    o- Vd3 * VGQI +£<*) * l/s<sti + Viz *• Eoz+^Pz -Va + &<$ 

By substituting (6b-l-2) and (6b-l-V4) along with the 
Ohm's law expressions V^ai - S7*Q\ %SQI , ^Bai - fam fow Snef 
V#2 - /Je® fit,       and the transistor characteristic 
#££t\ = (fo*i+r)#s*i        into (6b-l-V6) and solving for flew : 

(6b-l-V6)'    /?mi „ ( yk,-£s) Cm - ttoi.   AH ^r^)>^ 

C-70Z, 

£70/ 
r O fbA.(VCr^Y 

For the case where relay Kl is actuated and Rl is dis- 
connected from ground the same substitution is made except 
that Voz-• faett R02.    is used in place of equation (6b-l-V4y# 
For the actual circuit components used on the aircraft, 
the resulting equation has coefficients that are negli- 
gibly different from (6b-l-V6) '; therefore, equation 
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(6b~l-V6) ' will be used for both cases. 

The value of fl$Q\  which causes relay Kl to be actuated 
is defined as, C700, the skid detection threshold current. 
From this definition and equation (6b-l-v4)• 

(6b-l-V4-l) fa . ( /f|_ff) c?o9 _ c?/o „ fa f7// 

When relay Kl is not actuated EV • 0, when relay Kl is 
actuated EV • VS; therefore, 

(6b-l-EV)       £v~ O        /=OA   /IS6!\*C70o 

The equation flow diagram for the electrical on-off con- 
trol circuit is shown on Figure A55, 

B-l Electrical On-Off Parameter Evaluation 

Table A20 lists the parameters and their values as 
applicable for the General Dynamics B-58 control circuit. 
(The same circuit is used on the Lockheed F-104.) 
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Mechanical On-Off Antiskid Device 

Figure A56   is a schematic drawing showing the operating 
principles of a commonly used mechanical on-off antiskid 
device of which the Hydroaire Hytrol Mk I and Dunlop 
Maxaret units are typical examples. The device operates as 
follows* The rotor (the wheel speed indication element) is 
connected to the aircraft wheel by some positive means such 
as a direct connection or »ear train, etc., so that the 
rotor's angular velocity is a constant ratio of aircraft 
wheel speed. During spinup the motion of the rotor is 
transmitted through the clutch to the drum. The clutch is 
configured such that it is self-energizing for rotation in 
the direction of wheel rotation associated with forward air- 
plane motion, shown here as counterclockwise. Stop (DS1) 
on the drum engages stop (FS1) on the flywheel, thereby 
transmitting torque to cau*»2 the velocity of the flywheel 
to be the same as the drum. The flywheel and the drum are 
connected by spring (CA)and damper (DA). As the aircraft 
wheel and rotor decelerate, a clockwise torque is trans- 
mitted through the clutch to the drum and from the drum 
through spring (CA) and damper (DA) to the flywheel. The 
amount of this torque is proportional to the product of the 
rotor's deceleration rate and the flywheel's inertia. The 
torque compresses spring (CA) so that the flywheel moves 
counterclockwise with respect to the drum. For steady 
airplane wheel deceleration the amount of relative motion 
between the flywheel and drvm is proportional to the decel- 
eration rate. A suitable m< ihanism (usually a set of elec- 
trical contact points or a » am device) connected between 
the flywheel and drum causes a valve to be actuated so that 
brake pressure is relieved whenever a pre-established amount 
of relative motion occurs. The clutch is also configured 
so that when the torque from the rotor to the drum is 
clockwise, the torque capacity is limited to some slightly 
greater amount than that required to initiate brake release. 
If the rotor experiences greater deceleration than that 
required to initiate brake release, the clutch slips and 
allows the drum and flywheel to overrun the rotor.  The 
flywheel's inertia reacted by the drag of the clutch main- 
tains a torque on spring (CA) so that the relative motion 
between the drum and flywheel (skid signal) is sustained 
until the flywheel's kinetic energy is dissipated or 
until the rotor has regained sufficient speed to eliminate 
clutch slippage. For this device the flywheel's inertia 
causing displacement of spring (CA) and damper (DA) is the 
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A. Functional Schematic 

B. Mathematical Representation 

Figure Ä56 Mechanical On-Off Antiskid Device 
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deceleration detector element, the clutch's overrunning 
drag torque on the drum is the reference adjustment 
element, the clutch is the wheel speed comparison, ele- 
ment and the rotational kinetic energy cf the flywheel is 
the wheel speed reference element. 

A-2 Mechanical On-Off Mathematical Description 

The mathematical description of the mechanical on-of f anti- 
skid device is developed by referring to figure A56(B) which 
defines the applicable parameters and shows flywheel stop 
(FS1) represented by a spring-damper system. Also, a 
spring-damper system is added between the rotor and clutch 
carrier to represent the small motion which actually occurs 
during clutch operation« 

At flywheel stop (FS1) there is a torque, TS, which is 
exerted on the flywheel by the drum, if drum stop (DS1) 
is in contact with FS1. If the mass of FSl is considered 
small in comparison to the stop spring (CS) and stop dam- 
per (DS) then, setting the sum of torques on FSl at zero: 

(6b-2-l) Ts = Cs (ti~y)-DsY 

Where Cs(Yo-y)    is the stop spring torque, (-Qslf)   is the 
stop damper torque and Yo  is the free length of spring CS. 

Since TS results from a contact force, it cannot be less 
than zero; therefore, if Y+{&o-&p)     is less than &t=s 
then TS • 0. Rewriting equation (1) solving for ¥  gives: 

(6b-2-2)     f=  CsLYc-V)-Ts/ Os 

Y is then established by: 

(6b-2-3)     /=      y eft 

Y as computed from (6b-2-2) and (6b-2-3) is compared to 
OFS-(9O-BF) to establish IS. If TS is other than zero, it is 
cc:aputed from (6b-2-l) using Y - &wl&o~9f) AN*  y*~(&o-&F). 
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Substituting the above expressions for Y and  t  into 
(6b-2-1) gives: 

(6b-2-l-l)    TS - Cs[/6 - &PS t (ep -<&rj] * Os ( ©o -£P) 

- O Fofi. ly+ C&D -B-F) -&FS] <• o 

Summing torques on the flywheel gives: 

(6b-2-4)   ©V ^ [TS +Ct^e*-Ät)»a»(e»-^p)] /M^ 

Sumning torques on the drum gives: 

(6b-2-5)    0o = ["Ts •G»fa0-^)-D/»(äp-eF)^Tc3/\^o 

Where 1c  is the clutch torque. 

Subtracting (6b-2-4)  from (6b-2-5) results in: 

<6b-2-6)    (£,.&.) =   fo+^hX-C*t*^-M&-*£ 
+ 7c/Wo 

By integrating (6b-2-6) twice, (&O-&F) 
and (öo©p) «re established as 

(6b-2-7)        (Bo'Or)   = J(So-Ör)4ir 

(6b-2-8)     föo-öf) - J(eo-er)4b 

Substituting values for (&O-&F) and (©*D-£F)   computed from 
(6b-2-7) and (6b-2-8) into equation (6b-2-4) and integrating 
once establishes ©F   as follows: 

^   «/ä" 
(6b-2-9) &p   * l£,4t 

Combining the results from (6b-2-7) and (6b-2-9) establishes 
Ö0 as: 

(6b-2-10)        Q0 = (ÖO-OF) * eP 
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The clutch will now be examined. 

The torque exerted on the clutch carrier by the rotor, Tc , 
is defined by: 

(6b-2-ii)     Tc * Cc ( e-*-&c) + Dc (©*-ee) 

If, as for the flywheel stop, it is assumed that the clutch 
carrier inertia is negligibly small, the torque between the 
clutch and the drum equals the torque between the rotor 
and the clutch carrier. In this case equation (6b-2-ll) may 
be solved for (©*-&) and by integrating once f©-*-<£c) is 
obtained: 

(6b-2-12) (e«-S>e):r f (&*-&,) dt 

Where (0*.~&c)  is obtained from the following version of 
(6b-2-ll) 

(6b-2-ll-l)   (Ö*.-£c) *   [TC-CC((^ä-(9C)]/DC 

It follows that: 

(6b-2-13)        ©c^^- (Si-Sc) 

If the clutch is configured so that there is no slipping 
for counterclockwise torque on the drum, <9c must equal &o 
and ar.y difference between ©ft and 6>o must be relative 
velocity between the clutch carrier and the rotor (i.e. 
Bn-Gc).    If Go is substituted fortsein equation (6b-2-ll) 
then the resulting equation can be used to compute the 
torque required to force ©c. to be equal to Öo   . There- 
fore, making this substitution, 

(6b-2-ll-2)     Tc- Cc <e*-©e) * Dc (e*.-6o) 

Equation (6b-2-ll-2) adequately describes the component 
of clutch torque due to relative velocity; however, the 
component due to relative displacement is not satisfactor- 
ily described because the torque direction is independent 
of relative position. To compute the clutch torque for 
all conditions, equation (6b-2-ll-2) will be modified and 
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a procedure for establishing the clutch condition will be 
defined. The clutch condition is established by the tor- 
que direction. The torque direction is determined by exam- 
ining the direction the drum is attempting to move relative 
to the clutch« The direction of the ^JUD'S attempted move- 
ment relative to the clutch is established by comparing the 
drum velocity, O'0  , to the velocity, <Bc« , of a hypothetical 
or "index" clutch. The "index" clutch will be permitted to 
have slight slippage on the drum for counterclockwise 
torque so that there is a preceivable circumstance to 
indicate torque direction. To describe the "index" clutch 
motion relative to the rotor, equation (6b-2-ll-l) is 
modified by substituting ©en and ©CM for Bc and 0C as 
follows: 

(6b-2-ll-lM)     (OR.-Sc.-i) = [Tc -Cc^e*-©c*)7/#c 

The clutch torque, Tc , is defined by equation (6b-2-ll-3). 
(Q-&-Oc«) is obtained from equation (6b-2-12) and OCH  is 
then established from equation (6b-2-13), noting that in 
each case OCH  and Sen  are used in place of Oc and ©o . 
The clutch condition is established by the difference 
between Oc»  and o"0 as follows: 

For (&€»-&») >Q 

For (Sc»-Ov} --O 

Clutch torque is positive on the 
drum (clutch attempting to have 
positive velocity with respect 
to drum) 

Clutch is not attempting to 
move relative to drum 

For (e'c»-§o)<0 Clutch torque is negative on 
the drum.  (Drum is attempting 
to have positive velocity with 
respect to clutch). 

Now that the clutch condition is defined, equation (6b-2-ll- 
2) is modified so that the torque direction is established 
by the direction of relative velocity between the drum and 
the clutch as follows: 
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(6b-2-ll-3)    7c - Gc <4M-©O>|CC(^-(9CJ| *• Dc (&*.-&*) 

fio*, i >C7SO 

= Crso 

The function   <5c<öc*-öb> is defined as follows: 

(6D-2-14) Gc<<9c*-&o> =•  +/.o     R>«   {.9c»-&>) >o 

r   -A©     /=&*   (<£>c* -<5>o) < O 

The constant C750 is the value of clutch drag torque when 
the drum is overrunning the clutch. 

The amount of relative motion between the flywheel and drum 
(do-0f) i$ th*  skid signal. To be compatible with the 
electrical antiskid control circuits, assume the skid 
signal is produced by a set of electrical contact points; 
therefore, 

(6b-2-15)        EV= ]/s      M (&p-&r)  * C*7Sl 

C751 is the skid detection threshold value of (Bo-0f) 
Also, for compatibility with the other parts of the 
analysis, let the input be derived from the wheel speed 
senior output, EG, as follows: 

(6b-2-16) <9fi= CrS'z Eq 

C752 is the conversion coefficient. The equation flow 
diagram for the mechanical on-off antiskid device is 
shown on Figure A56a. 

B-2 Mechanical On-Off Parameter Evaluation 

No parameter evaluation has been accomplished for the 
mechanical on-off device because it is not applicable to 
the aircraft being considered. 
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7. ANTISKID CONTROL VALVE 

Aircraft antiskid control systems typically utilize a two- 
stage electrically operated pressure control valve. The 
first stage contains an electro-mechanical device such as 
a torque motor, solenoid or linear force motor which posi- 
tions a hydraulic flow regulating element (flapper, nozzle 
or spool) such that a control pressure is produced. The 
control pressure is a function of the valve input pressure 
and the electrical input signal. The first stage control 
pressure is applied to the second stage hydraulic flow 
controlling power spool« The second stage spool is posi- 
tioned by forces produced by the control pressure and valve 
output pressure in a manner such that output pressure is 
controlled in proportion to the first stage control pressure, 

A. Mathematical Description 

First Stage 

The function of the first stage can be described mathe- 
matically by considering the control pressure producing 
element to be a ringle degree of freedom damped spring 
mass system as shown in Figure A37 acted upon by a force, 
Fcv  , proportional to the electrical input signal. 

(7.1) £cv - Cscv £\ 

Figure A57 First Stage Spring Mass System 
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The first scage control pressure, Psc  , is defined as a 
function of the mass position, Xsc , according to Figure A58 
Xsc is established by equation (7.2) which results from 
summing forces on the first stage mass, Wsc. 

(7.2)  Xsc * 14/sc 

Figure A 58 First Stage Control Pressure - Mass Position 
Relationship 

(7.3)        psc * %sc IPMI/'PCV*) + Pc*« 

<7-4>        Rsc   =   l/.O //r   Xsc^Xscm 

j[ggl -XSC //Z K^Cr» ^ XiC < Xsc/Z 

O lP     Xsc > XSC* 
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Second Stage 

The physical arrangement of the F-lll antiskid valve second 
stage is chown schematically in Figure A59. Most other 
antiskid valves have the same operating principles. 

INLET 
CAVITY 

'mv 
\po 

Pscl 

POSITIONING 
SPRL.G 

c. 

r 
J  L 

ST 
RETURN 
CAVITY 

cv OUTLET 
CAVITY 

Figure  A 59 Antiskid Valve Second Stage 

As described in the hydraulic system, the metering valve 
output pressure, fi*v ,  is supplied to the antiskid control 
valve second stage inlet. When the second stage spool is 
displaced in a positive direction a fluid passage opens 
permitting hydraulic flow from the metering valve to the 
antiskid valve outlet cavity. When the second stage spool 
is displaced in a negative direction a fluid passage opens 
permitting hydraulic flow from the outlet cavity to return 
Therefore, the second stage spool position defines the 
hydraulic flow areas. To permit computation flexibility 
and economy, two options for establishing the second stage 
spool position are provided. 
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Option No. 1 

For Option No. 1 the second stage spool position, ÄCV , is 
established by equation (7.5) which results from summing 
forces on the spool mass, Wcv • Figure A60 shows a schematic 
of a single degree of freedom damped spring mass system 
representing the antiskid valve second stage spool. Springs, 
CcvS  , and dampers, Oc*/$  , are stops representing the 
spool's longitudinal restraing caused by its contact with 
the valve body. The forcas acting on the second stage spool 
are the positioning spring force, damping force, stop forces 
and forces due to outlet cavity pressure,/?:/, and first 
stage control pressure, Psc • 

Ccv 

Figure A60 Second Stage Spool Forces 

Summing forces on the second stage spool gives: 

(7.5) Xc* Ä Ltfs^kvf^-LPc^AcVP^ /WCV 

+ ttcvp-XcACc*//Wcs- Xc/(0c»)/Wc 

+ Fs*/Wctf~ FSA/WCV 

Integrating twice givds: 

(7-6)    XcvsJx<v</t 
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(7.7) 
Xc^/Xcv^ dt 

In equation (7.5) the forces FSA  and /?Qf are the forces 
between the spool and the stops« Since the stop forces are 
contact forces, they cannot be less than zero» Forces FSA 
and /=s^  are defined as follows: 

(7.8) Fs*~~0 **fa*Xs* 

(7.9) /=>* »£ ; ÄrfUa^m^Xr« 

Fs* = (Tcvi/Ss* -/$*} ~Xcv p£vj; Ffi/zlXfit-fciuj^Xs* 

In equation (7.9), *5ev/-  ,  is the spool length and $S$.   is 
the undflected position of stop, 5^ .    The positions of the 
spool stops, XSA   and %s$ , are established as follows: 
Let the mass of the stop in the brake application direction 
of spool movement, SA- , be zero.    Therefore, summing forces 
on SA  and solving for   Xs&   gives: 

(7'10)    Xs» * L FSA - (KSA -&*) CCS] /DO/S 

In equations (7.8) and (7.10), A4  is the undeflected 
position of stop,5/9. It follows that: 

(7.11) ASA - JXSA at 

Using the same procedure as above for the stop in the brake 
release direction of spool movement,^ ; 

(7a2) %s* - ICCMISSA -Xsjd - Fs^/Oc* 

And it follows that: 

(7-i3)     fa^JxseJit 
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The hydraulic system contains provision for leakage flow 
associated with first stage pressure regulation and spool 
fit. Since these small flows have no effect on the valve's 
performance in the case under consideration, they have not 
been computed. Therefore, the following equations apply: 

(7.14) QcVf -0 

(7.15) QcWO 

(/.i6) QcV3- O 

Figure A61 shows the Option No. 1 Control Valve Equation 
Flow Diagram. 

Option No. 2 

Since the time interval which elapses during second stage 
spool movement from one extreme position to the other is 
very short in comparison with overall control valve res- 
ponse time and since all of the control valve lag can be 
accounted for in the first ^tage, the second stage spool 
position, XLV , can be established as a function of the 
direction of pressure differential thusly: 

(7.17)     Xc*»tf m LP^-Pcva) = Psc 

X<v* ±S<LVö       :*** LPCV-PC^B) < Psc 

X<V - -Sc/o        Fo£ ( PcS-Pctß) > ftc 

In equation (7.17) Scvo is the second stage spool position 
for full flow area as described in the hydraulic system and 
Pc/B is the second stage apparent bias pressure equivalent 
to the positioning spring force. 

Figure A62 is the Equation Flow Diagram for Option No. 2. 
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B.   Parameter Evaluation 

The parameters used for describing the antiskid valve's 
first stage behavior are established from measured fre- 
quency response performance characteristics along with some 
features of its physical construction. Frequency response 
test results from the F-lll antiskid valve show 25 degrees 
phase lag at 5 cps. From various experiments it is known 
that the first stage accounts for most of the phase lag. 
The F-lll valve's approximate 700 cps undamped natural 
frequency is quite high compared to a more usual 100 cps 
value. Since antiskid operation is generally 10 cps or 
less and since the low frequency phase lag car. be accu- 
rately described with a lower natural frequency system, an 
undamped natural frequency of 100 cps will be used to mini- 
mize computation difficulty. 

Coefficients C*cs/  and Csc  are set arbitrarily so that 'tatic 
values of Xsc  will be compatible with values of Xs<-m and 
Xsca  (which are also arbitrarily chosen) and the proper 
valve voltage - output pressure relationship is achieved. 
In this example the following values are assigned: 

Csc/ * /.Z   /bf/i/o/t 

Csc      - /, Ö   Jbt/'MH- 

(7.14) Xrc/tf - 3.(o  we/firs 

For 100 cps  (628 KM/sec )  undamped natural frequency and 
CiC*i.e>tbf//A/     »  tne mass   Me   is  computed from LU)A)

£
'= &c/\A/sc 

(7.15) Wsc  *   /.^^'V^J^> 

Using the equations relating natural frequency and phase 
angle listed in the wheel speed sensor parameter evaluation 
and assuming the first stage has 20 degrees phase lag at 
5 cps, the damping factor is established as S.d3     . For 
the values of tf/si   and Csc   above this damping factor 
results in : 

(7.16) Dsc - JI.Ltio* ibt-sec/ZA/c* 
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The area,/?<:•/>, the stop clearances, S<*+ and fes*  , and the 
mass of the second stage spool, We if, are computed from the 
spool's physical dimensions as shown on the valve drawing. 

flctfi - 0. Of,A/ * 

(7.17) Jc'i/y* = o.oj /***# 

SCVA   «   *.<?£  //•<?/* 

The positioning spring rate, «-<?•,  and spool damping coeffi- 
cient were established based on the vslve's transient 
response characteristic where it was  observed that a 50 cps 
about   .5 critically damped transient pressure oscillation 
appeared*    From this observation 

(7.18) 0ci/-   /$.0 Mo"3 /bhsec//fii 

The stop spring, Otis , and damper, Otis ,  characteristics 
are arbitrarily chosen to be as high as possible within 
computP';.ion capability. 

CC)/S -   ÄÄ50 /*///-/• 

(7.19) 0c*s *   Ä>   tlFs**//*' 

The undeflected positioning spring length was computed 
assuming it produced approximately the same force on the 
valve spool as 25 PSI pressure differential. 

Table A21 lists the parameters and their values which are 
applicable to the F-lll antiskid control valve. For 
Option 1 mathematical description and Table A22 lists the 
parameters which are applicable to Option 2« 
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8. HORIZONTAL TAIL CONTROL 

In the 3 degree and 6 degree airplane models, the tail 
position can be controlled by two different means. The 
first is simply to require that the horizontal tail rotation 
be fixed at some value SHT. The second is to fix the input 
commands StST    and FPX  and then let the stability 
augmentation system adjust the tail setting SHT. 

A. Mathematical Description 

Figure A63 shows a control system representation of the 
stability augmentation system. 

SEST 

Q   1 
»•• 8,,s + B„ s* 

*unJh 
i+B,35 

% 
1+ BIAS+^AS* 

•y* .(?* 1 *?HT 

•^ f- •v. i*BJSHs 

R*. 
GCA 

->STK GFP 
Jk 

system constraints 

-36 

-25 

'sfC 

Figure A63  Stability Augmentation System 

Using figure A63 as a guide, the following equations describe 
the stability augmentation system. 

(8.1) OSTK - orp [pX 

Where FPX   is the force exerted by the pilot on the stick. 

(8.2) kfc = bCA ->ST< 
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Let UQ    and U.<J<J      be defined by 

(8.3)  UQ   = (^)fQdt 

(8.4) U^« f%dt 

Also,   Xet U*,     and   U.ßR,       be defined by 

(8.5) UB|  */ß,dt 

(8.6) Um*fU-z,dt 

Then 

(8.7) P,= (U^ + ßl0Uq f ß,0Q-UßßJ -Äitf*,)/^,, 

(8.8) fe*   R,~ J?fc 

Let   UR2 , Ue?    , u^g^   , üß4.  ,   and UÄR4   be defined by 

(8.9)   Ußi-Z^at 

(8.10) U R3 r   / ^jdt 

(8.11) Ue/23  *fll&dt 

(8.i2) uR4 .y*v^ 

(8.1.3) Ußß4 * ßißtdt 

Then 

(8.14) R3=  (GPa«~«e3)/5/3 

(8.i5) e4 = (u^3 - ußß4 - 6.4 tu)/ ß2<. 

(8.16)   Ps-*    R*   •   SFST -SBne 

Because of rate and position  limits,   the  equations 
that describe SH,    in  terras   of   R5     must be modified  to 
reflect  these   limits.     Let S,trp    be defined  by 
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Then 

(8.18) Sri s (SMTDMX ii SHTP > ^niPMX 

(8.19) SMT * f rn[n{o.o0SHTiS  '* Srtr £ SMTM*X 

I  $HTI tf SHTHIW < SMT * SHTMäX 

.   ma« $c.o3ShTi I  i*r S'HT ^ SHTWIN 

Finally the stick position   FpX   may be positioned as 
a  function of time by specifying two times and two loads. 

(8.20) *>x *   fa **  TPXZ 6 TPX, 
Fpxj                   i* T4 Tpxi < TPX2 

Fpx2                   **   TP*,< Tpxz^ T 
Fpxi + ( Fpn2 - Ppxi)CT-Tp^<)/(Tpx2-Tpxj) 

if  Tpxt < T < TpKZ 

B. Parameter Evaluation 

The values for the F-111A system parameters are listed 
in Table A23. In using this system for a braking problem 
the usual procedure is to first choose a steadystate 
value for SHT^HTS*)« Set SKTO a SH55 

a ^esT and set 
Fpx - n   ( Tpx i = 1 px^ = o ) . 
Set all other initial conditions to zero. 
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Figure A 64 Horizontal Tail Control Equation Flow Diagram 
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9a. RUNWAY SYSTEM (FLYWHEEL AND 3 DEGREE) 

This runway system is essentially the same as the runway 
system for the 6 degree.  In fact, the relation between 
the two is given by Z&D<*> • Z&jdc^o)  and 
Z<SDP<*> - £*pp<* o> .   Even though this system is like 
the 6 degree system, the equations are listed below which 
take advantage of the fact that it takes less computer 
time to calculate ZÄ0<'x.> than ZGp^

xj°) • 
The data describing the runway is in tabular form and 
consists of runway elevation values as shown in table A25 
as described in discussion of the 6 degree runway system. 
The data is from the center strip from station 4574 to 
station 6574. 

A. Mathematical Description 

Let   HccCi) L = lOOl denote the elevations 
at two foot intervals. As an example, 1-1^(5) = 3,kS6 
If x.   is a distance measured down the runway where % 
is in inches, then z - Z.&p<%>  and u» - ZdPp<-x> 
correspond to the elevation in inches and the slope in 
inches per inch. The values for z and to are determined 
as outlined below. The iunction Z&p   will have the pro- 
perty that £s.0<o> - o. 

Let ^LRO De a constant such that O£XURO^ 2.000. 
The input XLKF in feet is derived from % such 
that o <= X-iep <  2000      and for some integer K 

(9a. 1) XLRF - XLRO 
+ */'«- ~ 2°oovc 

Let n be an integer such that 2(n-i)£ XLzo <  2n 
and define ZGCO by 

(9a.2) Zsco* HBCCn)-f-(HRCCn+«)-HBC(n))(XLCO-zn + 2)/2 

If m is an integer such that 2(m-i) ± XLEP- <  2m 
then z    and w are given by 

(9a.3) Z =  12 (H^Cm) + (Heccm+i)-f-lßc(rn)XXLEP-2r"+zy2 - 2c&o' 

(9a.4) UJ =   (HgcCrVJ*)) - HRCCm))/2 
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9b. RUNWAY SYSTEM (6 DEGREE) 

The runway system is not actually a "system" in the same 
sense as the brake system, for example* -The runway system 
is 8imply a function called by the airplane system to 
supply values for ground slope and elevation. The data 
describing the runway is in tabular form and consists of 
runway elevation values as shown in Table A25. Except for 
a slight modification, the data in Table A25 is taken from 
station 4574 to station 6574 of runway 25 from reference 11. 
The left elevations and right elevations are 10 ft« to the 
left and 10 ft« to the righ£ of center respectively. The 
elevations have been modified slightly so that the eleva- 
tions at station 4574 match those as station 6574« This 
is done to provide an essentially "endless" runway by 
repeated use of a basic 2000 ft. strip. 

A. Mathematical Description 

Let H ,(0 , Hcc(0 , HRLc*>, i = \>z)  •-, tooi denote the 
elevations at two foot increments of the right, center, 
and left .runway strips respectively. As an example, 

HfcpO « 9.550 and HKC(s) s  9.686.  If %  is a distance 
measured down the runway, and y  is a distance measured 
out from the center of the runway where x   and -f are in 
inches, then a = £<&£<%.,-«5> and OJ = H&DP<*>M> 
correspond to the elevation in inches and the slope in 
inches per inch. The values for z and uj are determined 
as outlined below. The function zf*Dwill be chosen in »uch 
a way that Z60<oJv> - 0.0 inches. 

Let XURr and YCRP  be the inputs in feet. Thus, 

(9c.1) yLRP = ij/ia 

Let/tno be a constant such that 0 ^ XLRO <   2000.    XLeP 
is a number such that 0^ XL*F <  2000 and which also satis- 
fies the following equation for some integer K. 

(9c.2)  XLZF = XLtt0 
+ V2 -20OO K 
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Now let n  be an integer such that 2(n -1) * XL«o < 2n 
Define H.ftRO D 2GCO, t s»_o    as follows: 

(9c.3) E&RO - HftÄ(n) + ^(Hee(^^-Hftßc^)(XLBO-2n+2) 

(9c.4) £eco = HRC(n)4-^(Hßc(mi)-HEC(^)(XLÄO-2»o + 2) 

(9C.5)£&LO s HßLcn)-»-lCHEL(mi>-HBL(nO(XLeo-in + 2) 

Now let rr\  be an integer such that 2(rn-l) £. XLe„< 2m 
Define Haex, ^ccx ;     and £&t-x   as follows: 

(9C.6)ZSRX  = l4ceCr>1)+^(HßR(wfi)-HßßCm)j(XLßF-2m>2) -2 &R.O 

(9c.7)?scx * HEcCry1)+^(HBC(^-n)-HccCm>)CXLeF-2nf)+E)-^ro 

(9c.8)Z6LX 
s H8Lcno) + ^(Ha(Wn-Hi?L<m>)(XutF-2m^)--ißjo 

If   >W £ o  ,  then 

(9c.10) H =   i2 (£öcx + (2**x-H<M:xX>W/iö) 

(9c.11) u»  *   CyLep/2o)(HKe(witi)-HßßCm)-HRCCm+i)-?-Hßc(k*i)) 
+ i ( HftcCmti)- H^cC^)) 

If   Yuzpr^o   ,  then 

(9c.12)   z   -   )z(l&cx + CZ*cK-E»uc)(Vtep/»o) 

(3c.13)  UJ  =   ( yLeF/2o)(H,iCC^+0-HßcC^-HßLCrvivi) + HßLC»r»)) 

3CS 

t i-tf^^Tii t.t^MTrJi- it j'l'«' . . ...   _t i_^-. •   - - -    •• • -J_^__.. . •—...•    .•^•-•---•*~--*--'- 



Table A.15     Three Track Elevation Profiles 

(Stations and elevations are in feet) 

(Sheet 1 of 6) 

ELEVATION 
STATION 

LEFT CENTER RIGHT 

4574 9.597 9.703 9.593 
4576 9.596 9.699 9.586 
4578 9.593 9.696 9.581 
4580 9.590 £.696 9.580 
4582 9.590 V. 686 9.580 
4584 9.589 9.696 9.622 
4586 9.580 9,688 9.629 
4588 9.574 9,685 9.625 
4590 9.570 9.686 9.616 
4592 9.563 9.693 9.622 
4594 9.564 9.704 9.634 
4596 9.563 9.692 9.616 
4598 9.556 9.676 9.611 
4600 9.558 9.676 9.613 
4602 9.592 9.694 9.612 
4604 9.594 9.699 9.627 
4606 9.595 9.711 S;.641 
4608 9.600 9.704 9.601 
4610 9.604 9.703 9.605 
4612 9.594 9.696 9.602 
4614 9.585 9.697 9.606 
4616 9.572 9.699 9.608 
4618 9.569 9.702 9.607 
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Table A25      Three Track Elevation Profiles 

(Stations and elevations are in feet) 
(Sheet 2 of 6) 

Qt*MOP 
Elevation 

.......... 
•: elevation 

Left Gentwr Bight 
mjmw+w» 

Left Center Right 

•62 ft 9.565 9.697 9.6)1 4763 .551 9.667 9.567 
4622 9.572 9.690 9.631 4762 9.56( .9.666 9.564 
462« 9.570 9.677 9.594 4764 9.569 9.660 9.561 
4626 9.503 9.667 9.589 4766 4.565 9.676 9.568 
4620 9.501 •9.691 9.5» 4768 9.567 . 9.676 9.567 
46 V 9.503 9.601 9.593 4770 .9.563 9.564 9.564 
4632 9.564 9.694 9.597 4772 9^541 9.66C 9.557 
4634 9.591 9.699 9.6)4 4774 9*563 .9,473 9.561 
4636 9.591 9.606 9.601 4776 • 9.565 .9.676. 9.361 
4638 9.594 9.693 9.597 4770 9.564 9.677 9,567 
4643 9.511 9.691 9.630 470.9 5.560 9.670 9. 574 
4642 9.500 9.691 9.590 4702 9.557 9.670. 9.575 
4644 9.506 9.667 9.589 4784 _. 9. 552 9.603 9.574 
4646 9.554 9.667 9.51) 470.6. .9.544 9.666 .9.5.80 
4640 9.563 9.660 9.569 4708 9.571 9.402. 9.536 
4653 9.566 9.673 9.557 4793 9.572 9.7C3 9.507 
4652 9.573 9.669 9.569 4792 9.573 9,702 9.591 
4634 9.574 9,674 9.559 4794 9.593 9.704 9,594 
4656 9.572 9.601 9.554 4796 9.582 9.703 9.557 
4639 9.565 9.665 9.567 4798 9.576 _ 9. 7_CJ. 9,588 
466C 9.573 9.664 9.564 4533 9.567 9.697 9.590 
4662 9.573 9.659 9.561 •8C2 9. 380 . 9.696 9.586 
4664 9. 5* 9.674 9.55« 493« 9.533 9.699 9.593 
4666 I   9.5/4 5.669 9.569 4836 9.590 9.733 9.580 
4660 9.572 9.677 9.665 4938 9.5.90 .   9.690 9.505 
4670 9.577 9.677 9.554 4819 9.596 9,694 9.379 
4672 9.57J 9.694 9.574 4812 9.3.95 9.697 _.9, 5.81 
4674 9.560 9.491 9.591 4314 9.591 _9,690 .9.593 
4676 9.571 9.605 9.597 4016 .9.578. .9,700 _9.J83 
4670 9.577 9.690 9.591 4318 9.579 9.693 9.5T9 
4600 9.576 9.607 9.595 482" 9. 572 9.606 9.578 
4602 9.544 9.691 9.599 A*«t 9.594 . 9.679 9t574 
4604 9.564 9.690 9.587 4824 9.509 9.676 9. 5 74 
4606 tv«vs 9.632 9.516 4826 9.599 .9.600 9.560 
4600 9.569 9.6S7 9.590 4829 9.590 9.566 9.571 
469) 9.571 9.696 9.594 48 39 9.593 9.609 9.574 
4692 9.570 9.685 9.597 4932 9.595 9.40« 9.501 
4694 9.570 9.692 9.597 463.4. . .9» 396 .9.693 9.595 
4696 9. 57V 9.693 9.6)2 4836 .9,395 ..9.594 9^5.94. 
4690 9.545 9.713 9.676 48 3.8 9,59.9. .9.690 9,599 
4700 9.571 9.694 9.631 43*3 9^599 L..9.7Ö1. . 9,603 
4702- 9.567 9.696 9.690 4842 9*580 . 9,71.0. 9,590 
4704 9.547 9.715 9.5*9 4844 9*506. .9,70* _ 9.596 
4706 9.571 9.707 9.996 4646 ?*399_ __?.«691. 9,597 
4700 9.57) 9.734 9.6)5 464.8 9.J91 .9.609 9,596 
4710 9.560 9.696 9.598 485.3 .9.586 9.596 9.595 
4712 9.566 9.694 9.595 4952 9.579 9.694 3,598 
4714 9.562 9.695 9.599 45J4 .9,577 .9.403. .9.595 
4716 9.550 9.691 9.596 4856 .9,38: 9.693 .9*595 
4710 9.561 9.698 9.391 4358 9.586 9.696 9.593 
4»29 9.562 9.691 9.593 4«6_3 .9*500 .9,694 _ 9.507 
4722 9.55« 9.699 9.593 4962 9.59J .9,690 9.505 
4724 9.565 9.698 9.592 4864 9.595 9.606 9.995 
4726 9.545 7.687 9.592. 4866 9*491 _9.883. 3,602 
4720 9.676 9.690 9.596. • 068 8.594 ...V6*Q. _9,6N 
4730 9.5« 9.693 9.5)2_ 4373 9,599 -9^692. -9.603 
4732 9.502 5.690 9.604 4872 5.590 9.685 .9,600 
4734 9.579 9.699 9.5)3 4»7_4. _9,537 .  9.685 .9*594 
4736 9.5.79 9.693 9.599 4876 9.591 .9.570 9.596 
4739 9.570 9.691 9.594 4870 9.504 9.677 9.595 
4740 9.570 9.656 9.597 4981 9.593 9.473 9.594 
4742 9.574 9.674 9.307 4082 9,595 9.685 9.594 
4744 9. 571 9.676 9.575 4884 9.399 9 »688 .9.595 
4746 9.577 9.695 «.572 4886 9.630 -9.693_ 9.594 
4740 9.503 9.685 '».573 4905 9,632 9.599 9,596 
4750 9.507 9.670 9.371 489) 9.6)2 9*7.04 9.599 
4752 9.901 1.664 9.57) 4892 9.596 9.703 9.590 
4754 9.501 9.680 9.572 4894 9.5 90. . 9*719 9.597 
4736 9.501 9.6 73 9.574 4996 9*595 .9.715 9.596 
475* 9.572 9.674 9.571 4999 9,596 . .9.715 9.593 

Elevation 
Station 

Lftft Oenter Eight 

4900 9.590 |      9. 716 9.603 
490? 9.593 9.714 9.502 
4904 9.593 9v7l7 9. 505 
4906 9.598 «.714 9.389 
4900 9.591 9.. 711 9.504 
4910 9.5 89 5.716 9.578 
4912 9.589 9.713 9.505 
4914 9.592 9.712 9.581 
4916 9.588 9.711 9.506 
4919 9.567 9.710 9.592 
4920 1    9.589 1.705 9.505 
4922 9.586 9.1?6 9.570 
4924 9.588 9.605 9.576 
4926 9.589 9.695 9.572 
4928 9.585 9.731 9.571 
4930 9.566 9.702 9.573 
4932 9.593 9.711 9.571 
4934 9.594 9.707 9.560 
4936 9.590 9.699 9.569 
4938 9.590 9.692 9.567 
4940 9.588 9.664 9.566 
4942 9.583 9.667 9.573 
4944 «\581 9.660 9.566 
49«6 9.582 9.662 9. 562 
4948 9.580 9.692 9.567 
495.3 9.576 9.679 9.569 
4952 9.5>6 9.676 9.570 
4954 9.571 9.607 9.578 
4956 9.575 9.602 9.579 
4958 9.581 9.669 9.585 
4960 -9.581 9.606 9.581 
4962 9.582 9.676 9.505 
4964 9.583 9.695 9.509 
4966 9.500 9.699 9.500 
4968 9.576 9.709 9.507 
4970 '    9.574 9.696 9.505 
4972 9.576 9.605 9.505 
4974 1 9.571 9.602 9.50« 
4976 .9.576 9. 690 9.579 
4978 9.576 9.665 9.50) 
4980 9.573 9.679 9.503 
4982. . 9,583 9.670 9.500 
4984 9.579 9.691 9.592 
49.86 9.565 9.690 9.591« 
4988 9.593 9.695 9.595 
4990 9.590 9.699 9.509 
4992 9.509 9.689 9.591 
4994 9.593 9.695 9.592 
4996 9.597 9.704 9.597 
4998 9.590 9.709 9.590 
5300 9.633 9.732 9.59« 
5002 9.602 9.715 9.602 
5004 9.600 9.703 9.610 
5-106 9.607 9.724 9.609 
5008 9.695 9.728 9.610 
5010 9.600 9.710 9.613 
5012 9.609 9.721 9.614 
5014 9.607 9.710 9.611 
5916 9.597 9..703 9.604 
5018 9.507 9.711 9.599 
5020 9.506 9.701 9.592 
5022 9.567 9.691 9.503 
5024 9.500 9.682 9.300 
5C?6 9.501 9.666 9.577 
50 !8 9.502 9.671 9.575 
5030 9.501 9,672 9*57«. 
5032 9.502 9.679 9.578 
5034 9.590 9.604 9.581 
5036 9.509 9.692 9.569 
5338 9.500 9.691 9.387 
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Table A25      Three Track Elevation Profiles 

(Stations and elevations are In feet) 
(Sheet 3 of 6) 

Elevation 
Itetlnn 

Lift Center Right 

5041 9.581 9.689 9.587 
50« 9.580 •^636 3.582 
5944 6.3*.. 9.682 9.578 
5046 9.5«* 9.633 9.575 
5C4» 9.572 9.680 9.573 
5050 9.571 9.681 9.569 
5051 9.575 9.6(4 9.568 
5054 9.579 9.686 9.575 
5056 9.580 9.6*5 9.588 
505« 9.589 9.699 9.571 
5060 9.508 9.702 9.591 
5052 9.532 9.696 9.591 
5064 9.577 9.686 9.591 
5066 9.563 9.679 3.579 
5065 9.569 9.661 9.566 
5070 9.573 9.662 9.557 
5072 9.574 9.665 9.55) 
5074 9.558 9.666 9.562 
5076 9.571 9.6 73 9.557 
507« 9.559 9.675 9.555 
»M 9.568 9.679 9.566 
5002 9.563 9.693 9.561 
5P64 9.539 9.697 9.570 
5086 9.566 9.685 9.565 
508« 9.555 9.664 9.557 
5090 4.551 9.664 9.556 
5092 9.565 9.661 9.557 
5094 9.545 9.674 9.55» 
5396 9.564 3.672 9.566 
5398 4.562 9.678 9.569 
510« 9.565 9.694 9.574 
51*2 9.565 9.702 9.576 
51f?4 9.565 9.716 9.577 
5146 4.57) 9.704 9.581 
51C8 9.569 9.702 9.575 
5110 9.564 «.699 9,582 
5112 9.571 9.697 9.577 
5114 9.568 9.694 9.581 
5116 9.564 9.688 9.577 
5118 9.561 ••689 9.575 
5123 9.55» 9.6 76 9.56) 

-5122 9.562 9.675 9.5S6 
5124 9.544 9.676 9.573 
512* 9.539 9.677 9.571 

'5128 9.537 9.672 9.567 
513C 9.536 9.657 9.555 
5132 9.547 9.667 9.567 
5154 4.5*9 9.657 9.555 
5136 9.539 9.661 9.561 
5138 9.515 9.652 9.551 
swr 9.542 9.6 51 3.549 
314k 9.545 9.661 9.557 
5144 9.548 9.664 9.555 
5146 9.552 9.678 9.573 
5148 9.555 9.672 9.574 
5153 9.562 9.675 9.573 
3152 9.565 9.664 9.579 
5154 9.565 9.674 9.573 
5156 4.576 9.698 9.515 
5158 9.590 9.705 9.590 
516* 9.599 9.715 9.6)1 
5162 9.569 9.718 9.6** 
5164 9.539 9.721 9.637 
5166 9.598 9.719 9.61) 

'5138 9.612 9.7 21 9.617 
517P 9.6)1 9.715- 9.518 
5172 9.599 5.710 9.621 
5174 9.592 9.718 9.527 
5176 3.542 9.7 32 9.633 
5173 9.593 9.73* 9.5J* 

Ilevation 

Left Center Right 

5180 9.586 9.735 9.630 
.51« .9.577. -9.7*3. .9.63* 
5184 9.397 9.745 9.638 
5186 9.6)2 9.755 9.643 
5188 9.599 .   9.756 9.640 
519) 9.591 9.750 9.637 
5192 9.595 .9.757 9,641 

.5194 -JM3X -.9*736. '.650 
5196 9.597 9.753 9.652 
5195 9.595 9.743 9.639 
5203 9.595 9.741 9.633 
5202 3.591 9.747 9.635 
5204 9.6)2 9.758 .9.648 

.5206 „JtfcJtlft _9x759. 9.655 
5238 .J.627 9.767 9.659 
5213 9.613 . 9*779 9.662 
5212 9.623 9.772 9.661 
5214 9.624 9.75J 9.659 
5216 9.623. 9.768 9.660 
521« 9.619 . -J>.*7U .9.657 
52M 9.620 9.772 9.650 
5222 9,622 .9.765 9.659 
5224 9.627 9.761 9.648 
5226 9.629 9.766 9.652 
5228 9.624 9.757 9.658 
523) .§•633. .3,756 ?.657„ 
5232 9,614 9.772 9.661 
5234 9.643 9.777 9.661 
5236 9,637 9.765 9.642 
5238 9.625 9,777 9,659. 
5243 9.627 . 9.778 9*553 
5242 5. 6« 2 9,775 0. 66« 
524* 9.61« 9.779 9*675 
5246 3.663 9.780 9.684 
5268 9.641 9.779 9.639 
5250 9.645 9.780 9.695 
525? 9.651 9.771 9.697 
52.54 .8.695 9.783. 9..702 
5256 .9.656 9.783 9_,J03 
5258 9.657 9.79J 9.735 
526) 9.662 9.793 9.714 
52>2 9.653. 9.787 9,7)9 
5264 9.663 9.782 9.70« 
5256 9.664 9.784 9.705 
5268 9.664 9.786 9.592 
5273 . 9.650 9.787. 9.675 
5272 9,657 9.786 9.663 
5276 .  .9,65*. .   9,782 9.681 
5276 . 9.650 9.789 9.675 
5278 9.6.41 9.7«r 9.667 
5283 9.633 -9.77b 9.562 
5282 9.629 9,766 9.662 
5284 ?.6?6 .   5«T67 3,557 
$286 .9,621 . 9.J75 .9, 665 
52981 .9.61? . 9.716 9.557 
5290 _9.619 9,773 9.667 
5292 9.663 9.775 9.666 
5294 9.655 9,780 9.666 
5296 9.664 9.793 9.65» 
5298 9.662 9.8C1 9.547 
513) 9.657 9.801 9.674 
5102 9.651 9.80S 9.517 
5104 9.661 9.9C8 9.689 
31f6 9.657 9.81A 9.665 
510J 9,657 -9,8.03.. 7.691 
51U 9.659 9.801 9.6Ö4 
5112 9,64? 9.835 9.699 
5)14 9,65) 9.838 9.701 
3116 9.655 9.807 9.7)0 
5118 9.660 9.8C5 9.702 | 

.. -.     ,•  J 

KUvmt.lon 

Left Center Right 

5320 9.657 9.805 9.695 
5322 9.658 9.810 9.692 
5324 9.667 9.803 9.693 
5326 9.668 9.799 9.692 
5328 9.676 9.797 9.689 
5330 9.675 9.803 9.690 
5332 9.677 9.806 9.695 
5334 9.680 9.812 9.697 
5336 9.686 9.811 9.702 
5336 9.689 9.823 9.702 
5343 9.683 9.812 9.704 
5342 9.680 9.811 9.703 
5344 9.675 9.807 9.705 
5346 9.672 9.813 9.699 
5343 9.680 9.816 9.701 
5353 9.694 9.816 9,704 
5352 9.699 9.610 9.704 
5354 9.705 9.813 9.706 
5156 9.710 9.811 9.708 
5158 9.714 9.817 9.707 
5360 9.707 9.809 9.699 
5162 9.699 9.813 9.700 
5)64 9.697 9.804 9.703 
5366 9.697 9.808 9.7C1 
5358 9>702 9.802 9.7U8 
5370 9.708 9.797 9.706 
5372 9.713 9.799 9.706 
5374 9.719 9.811 9.705 
5376 9.711 9.822 9.711 
5378 9.737 9.835 9.715 
5380 9.744 9.832 9.721 
5392 9.746 9.833 9.722 
5384 9.751 9.835 9.732 
5386 9.763 9.637 9.733 
5368 -   9.764 9.852 9.729 
5390 9.768 9.850 9.733 
5392 9.769 9.654 9.735 
3194 9.773 9.865 9.716 
5396 9.780 9.862 9.731 
5398 9.781 9.865 9.738 
5430 9.777 9.871 9.717 

.5432 9.777 9.860 9.737 
5404 9.777 9.870 9.743 
5406 9.783 9.862 9.7*2 
5408 9.781 9.858 9.745 
5410 9.782 9.868 9.757 
5412 9.785 9.865 9. 760 
5414 9.786 9.864 9.763 
3416 9.783 9.871 9.763 
5418 9.777 9.873 9.762 
3420 9.775 9.877 9.760 
5422 9,780 9.883 9.766 
5424 9.787 9.880 9.770 
5426 9.783 9.872 9.775 
5426 9.783 9.869 9.777 
5430 9.787 9.862 9.784 
5432 9.790 9.857 9.786 
5434 9.797 9.875 9.793 
5436 9.796 9.887 9.793 
5438 9.795 9.883 9.792 
5440 9.787 9.882 9.787 
5442 9.786 9.887 9.785 
5444 9.781 9.877 9.763 
5446 9.777 9.870 9.774 
3448 9.785 9.866 9.773 
5450 9.791 9.863 9.767 
545«. 9.714 9.857 9.764 
54>4 9. 77f 9.855 9.763 
5456 •^.7*1 9.866 9.767 
5458 9.772 9. 860 9.767 
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Table A25      Three Track Elevation Profiles 

(Stations and elevations are In feet) 
(Sheet 4 of 6) 

Elevation 
BtatlfHi 

Left Center Right 

5*63 9.773 9.669 9.763 
5462 9.769 9.861 9.789 
5464 9.769 9.859 9.787 
5466 9.767 9.668 9.791 
5468 9.769 9.862 9.768 
5470 9.785 9.886 9.792 
5472 9.797 9.693 9.795 
5474 9.891 9.897 9.9)) 
5476 9.893 9.998 9.797 
5473 9.894 9.696 *.7)5 
548* «••818 9.915 9.799 
5482 9.811 9.929 9.803 
5484 9.812 9.927 9.8C6 
5496 9.819 9.929 9.813 
5488 9.818 9.922 9.697 
5*9) 9.815 9.927 9.807 
5492 9.8C7 9.991 9.801 
5494 9.8? 7 9.928 9.793 
5496 9.793 9.919 9.783 
5498 9.792 9.998 9.776 
5500 9.795 9.996 9.77* 
55T2 9.797 9.9Q3 9.771 
55C4 9.899 9.935 9.775 
55T6 9.797 9.904 5.7/9 
55T8 9.799 9.905 9.74* 
551C 9.799 9.9C6 9. 78Q 
5512 9.892 9.992 9.73* 
5514 9. 8« I 9.904 9.78V 
5516 9.891 9.903 9.795. 
5518 9.803 9.992 9. 790 
552/» 9.893 9.994 9.795 
5522 9.392 9.892 9.890 
5524 9.891 9.990 

9.994 
9.803 

5526 9.896 9.3)* 
5528 9.899 9.639 9.837 
5530 9.797 9.J8T/ 9.915 
5532 9.797 9.904 9.82« 
5534 9.799 9.913 9.827 
5536 9.834 9.909 9.826 
5538 9.8TS 9.929 9.827 
5549 9.817 9.9 33 9.827 
55*2 4.8>5 9.937 9.923 
5544 9.823 9.933 9.835 
5546 9.823 9.927 9.335 
554C 9.828 9.938 9.839 
555P 9.826 9.927 9.3*) 
5552 9.821 9.9 39 9.8*3 
5554 9.82? 9.933 9.9*7 
5556 9.821 9.922 9.850 
5558 9.82? 9.930 9.93* 
556« 9.829 5.9H 9.86) 
5552 9.833 9.947 9,855 
5564 9.847 9.956 9.858 
5556 9.89) 9.947 9.862 
5568 9.649 9.947 9.861    . 
5573 9.649 9.961 9.863. . 
5572 9.836 9.948 9.85* 
5576 9.841 9.963 9.871 
5576 9.8»! 9.962 9.978 
5578 9.843 9.9C3 9.877 
5588 9.846 9.96) 9.979 
5582 9.849 5.970 9.875 
5584 9.839 9.953 9.17* 
5586 9.841 9.954 9.862 
5588 9.*43 9.954 9.861 
5591» 9.135 9.943 9.9*1 
5592 9.816 9.9 34 9.862 
5594 9.636 4.939 9.862 
5596 9.83) 9.911 9.965 
5598 9.83) 9.916 9.8*) 

Qfcort 1 or 
. Bcvatlon 

JbiJibJiUL 

left Center Bight 

56)) 9.838 9.917 .9.862 
3*32. .-SJ«" . 9*926 _3»?*l 
560* 9.831 .9.921 9.862 
5*36 .9.831 9.931 9.5*6 
56C.8 _9.836 9,937 9,876 
5*1) 9*828. 9.936 9.375 
5612 9.827 9.926 .9.87* 
JS.ll 9.82* 9.939 9.876 
5616 _9,f-8 9*9*6 _~9.179 
5618 .9.129 9.953 9.876 
.5623 VJT .9,952 9.887 
5622. _V8*1 9.956 9.68* 
-562V .5.3*6 J.993. .9,551 
-5J.J6 -.5*8*6 9,361 9,879 
5.628 ..9.8*6 9,973. 9.38* 
5630 _.9.8*3 9.972 9.387 
5632 3,6*9 3.976 9.693 

-363*. ._5»«50 9.977 9.896 
563$ .9.859 9.979 9.906 
563» -JkftftO 9.98ft _ f.?«» 
56 43 9.86* 9,99?. 9,916 
5642 9.867 .9.999 9.925 
56** 9.862 16.906 9.927 
56*6 9.857 10.306. 9*929 
56*8 .9*862 10.911 9*936 
5650 9.873 19..?17 9.9*5 
56.52 9.663 10.021 . f.931 
565* _9.897 18,32) 9.952 
563* .9,697 .10.041 .5*955 
5*5.6 9.9)3. .11.34) 9,996 
5661 . 9.907 18.039 9.956 
5*62_ .9.9 ip 13,339.. _9*ii*_ 
.566* .9.91« lw,"*6 9.9*9 
5**6 9.91* 18.939 9*9*5 
5668 9.9U 18.033 9.9*2 
5473 9.913 19.333 9,939 
5672 9.916 16.02C 9.932 
5*i*J _9,il*_ JO .326 _9_.326 
.5676 .9.926 1.9.037. .9,92* 
5*78 9.929 »«344 .9*9*7 
5ft 80 .9,926. .19*349 ..JnJH. 
.5*32. 3.921 J3.357 9*950 
568* 9.936 10,0*2 9.9*9 
5*86 9,933 13.352. 9.9*9 
5688 9,930 10.052 9,951 

.5*9) 9.923. 13,354 9.95* 
56.92 9.936. W*355_ -5*«32_ 

_369*_ _9,9.*.7 18*953 -9.9*9 
5696 9.9** 19.?** 9,34? 
169.8 . 9*3)9. 10.028 1 9.337 
5793. 9,939. 10,032. 9,«9. 
57P2 .9.91*. .10.029 9.929 
573* _S.'U 1.9.9 2* 9.925 
5706. _9.313 L 10,030. .3.332 
57)8 _ 9,921. .11*336. - 9*936 
.37 ia -9*923 18x94J!_ _.3e333_ 
57J2. 3.331 .11*13.*- -.9.9*7.. 
571*. .9,929 -10.0.**.., uJ.9*a 
$71*.. 9..i>* -13.252 _i«3li 
$718_ .9,933 .10.055 .9.35*. 
srv 9.93* 10.956 9.953 
3722 9.93.1 19.3*6 9.3*2. 
572* . 9.938 10*953 .9.9*9 
571*. _J..9*0. 18,95* . 9..757. 
37^8 -9.333 -1P*P*9_ . V95* 
573). 3.9*1 19.35* 9.355 
5732 -9.950 18*053 9.956 
573*. .9.9*) 13.3.43 .9.9*9. 
5736 9,958 10.0*1 9.9*9 
57)3 -9.936 13.3*9 . 9.939 

.. Elevation 
Station 

Left Center Right 

57*0 9.964 19.058 9.94* 
37*2 9.967 10.052 |     9.9*3 
57*4 9.964 10.056 9.9** 
57*6 9.962 13.0*9 9.9*6 
57*9 9.970 19.056 9.959 
5750 9.972 10.06* |    9.966 
5752 9.972 13.089 9.97* 
5754 9.967 10.088 9.977 
5756 9.966 D.092 9.981 
3758 9.974 10.091 9.983 
57*0 9.982 19.098 9.985 
5762 9.980 10.101 9.962 
5764 9.976 13.097 9.985 
5J66 . 9.975 10.098 9.983 
5768 9.979 10.100 9.976 
5770 9.978 10.067 9.975 
5772 9.967 10.09* 9.976 
5774 9.970 13.087 9.975 
5776 9.970 10.092 9.97* 
5778 9.967 13.097 9.975 
5780 9.963 10.095 9.976 
5762 9.963 13.089 9.979 
5784 9.957 10.06* 9.976 
5786 9.943 13.377 9.977 
5768 9.934 10.067 9,979 
5790 9.930 13.067 9.983 
5792 9.927 10.06* 9.982 
5794 9.914 13.062 9.980 
3796 9.915 10.066 9.978 
5798 9*912 10.07* 9.975 
5800 9.910 13.071 9.97* 
5802 9.923 10.073 9.98* 
5834 .9.925 13.391 9.987 
5806 9.927 10.088 9.99* 
5808 9.933 D.105 10.9C« 
5810 9.942 10.131 10.002 
5812 9.9*7 10.125 9.99* 
Ml* 9.963 10.123 9.991 
5816 9,965 13.108 9.98* 
5816 9.973 10.113 9.987 
5820 9.970 D.19* 9.98* 
5622 9.975 10.101 9.965 
582* 9.973 13.395 9.986 
5826 9.967 10.091 9.987 
5828 9.963 13.095 9.998 
.5830 9.961 10.105 10.00* 
5832 9.963 13.137 13.311 
5.834 9.960 10.118 10.015 
5636 4.939 19,121 10.01* 
5638 9.963 10.115 10.313 
.56*9 9.960 10.111 10.017 
58*2 9.967 10.105 10.31* 
.56*4 9.963 10.108 10.009 
36*6 9.957 10.115 10.90* 

.58*8 9.96* 10.112 10.003 
5850 . 9.977. 10.103 9.996 

. 5832 9.985 10.115 9.995 
$654 9.990 10.111 9.993 
5856 9.991 10.105 9.993 
5858 9.988 13.105 9.99* 
5860 9.987 10.100 10.003 
5862 9.988 D.095 10.903 
5664 9.983 10.091 9.999 
5866 9.971 10.086 9.992 

. 9868 9.962 10.082 9.988 
5870 9.957 13.081 9.985 
5872 9.952 10.088 9.979 
587* 9.950 19.073 9.976 
5876 9.9*3 10.06* 9.973 
5879 9.9*7 10.061 9.9b5 
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Table A25     Three Treck Elevation Profiles 

(Stations and elevations are in feet) 
(Sheet 5 of 6) 

Elevatlo- 
BUtlon 

Lett Center Right 

5880 9.945 13*055 9.957 
3882 9.943 10.041 9.954 
5884 9.947 19.125 9.9«7 
5886 9.943 13.126 9.946 
5888 9.945 13.028 9.952 
5890 9.952 I).021 9.957 
589? 9.957 19.038 9.967 
5894 9.961 19.C53 9. 980 
5596 9.963 13.»» 65 9.994 
5898 9.971 I9.«7l 19.000 
59ftf 9.973 19.0 75 10.336 
5932 9.989 13.072 13.3)8 
591 4 10."?2 »0.0 81 10.C09 
59t6 10.008 13.089 13.337 
5908 IC.017 13.102 10.903 
5913 13.032 I).112 9.997 
5912 10.027 13.114 10.032 
591« 13.039 10.117 10.3)4 
5916 10.138 19.116 13.9)8 
39*8 1O.040 19.119 10.010 
5920 10.041 13.119 13.3)5 
5922 10.038 19.109 10.001 
5924 10.C30 13.123 13.3)2 
5926 10.013 10.113 9.998 
5925 9.994 13.1*5 io.o?-> 
593r 9.983 10.111 19.934 
5932 9.9)0 13.110 19.014 
5914 9.997 10.0 48 10.313 
5936 9.987 10.134 9.997 
5938 9.983 13.098 9.9)3 
594? 9^982 19.(93 9.991 
5942 9.983 13.091 9.996 
5944 9.983 10.099 9.980 
594» 9.976 13.098 9.975 
5948 9.982 19.092 9.980 
5959 9.993 13.091 9.984 
5952 10.033 13.095 9.987 
5954 13.338 19.101 9.992 
5956 10.019 13.125 9.997 
5958 13.310 19.123 13.010 
596" 10.033 10.135 13.337 
5962 10.000 10.138 io.rtr-2 
5964 9.995 13.128 ';.997 
5966 9.994 10.115 9.988 
5965 9.993 19.103 9.934 
5970 9.987 10.100 9.977 
5972 9.997 19.0 94 9.374 
5974 9.984 I3.f 97 9.969 
5976 9.937 13.099 9.959 
3978 9.991 13.095 9.954 
5980 9.993 lC.f 48 9.95? 
5982 9.992 13.095 9.93) 
3984 9.997 10.090 9.947 
5986 9.995 r.092 9.955 
5988 9.987 10.094 9.957 
5993 9.994 13.093 9.963 
5992 9.983 19.983 9.967 
3994 9.976 19.038 9.966 
3996 9.976 13.098 9.95« 
5998 9.975 10.086 9.963 
60ro 9.977 13.0 75 9.95« 
63C2 9.960 19.C71 9.959 
60^4 9.953 13.073 9.959 
60C6 9.945 13.073 9.965 
6308 9.95) 13.171 9.968 
6"10 956 19.068 9*977 
6C12 9.." 13.0 77 9.931 
6014 9.9>l 13.079 9.9)4 
6T16 9.967 19.083 9. 9*7 
6018 9.0*5 t 3.079 0.995 

KLtvatioa 

Left Center Bight 

•32? 9.962 10.082 9.979 
6022 9t954 lO.nss 9.975 
6)24 9.95*3 tC.386 9.972 
6026 9.933 10.983 9.375 
6)28 9.957 10.076 9.971 
6331 9.960 1C.38S 9.973 
6)32 9.963 10.996 9.972 
6334 9.969 10.392 9.959 
6036 3.9V3 10.096 9.964 
6933 9.973 13.393 9.960 
6040 9.973 10.089 9.959 
6342 9.978 13.189 9.958 
6*44 9,976 tO.?87 9.955 
6346 9.973 10.188 9.955 
6048 9 973 19.09« 9.351 
6353 9.972 10.'.84 9.946 
6352 9.933 15.973 9.946 
6054 9.931 10.082 9.946 
6355 9.992 13.389 9.951 
6C58 9.9*8 10.093 9.94? 
6363 9.993 19.392 9.954 
6C62 9.930 10.993 9.952 
6364 9.979 10.391 9.942 
606& 9.970 10.093 9.943 
6069 9.970 10.382 9.942 
6373 9.973 10.376 9.955 
6072 9.976 10.083 9.963 
»376 9.977 19.786 9.968 
6076 9.993 10.«89 9.973 
6378 9.993 13.188 9.981 
6080 9.980 (0.193 9.993 
6382 9.993 10.1U8 9.986 
6084 9.9S7 10,196 9.995 
6086 5. 990 10.089 9.996 
*?89 9.930 13.392 -9*998 
6090 9.993 10.083 9.996 
6392 9.977 10.396 9.996 
6096 9.976 10.089 9,991 
•396 9.966 13.192 9.982 
6X98 9.965 10.083 9.983 
6131 9.953 13.385 9.986 
6102 9.956 10. 076 9,988 
61P4 9.941 10.081 9.988 
6106 9.957 10.379 9.986 
6199 9.955 10.076 9.987 
6113 9.952 10.074 9.938 
•112 9.946 10.072 9.985 
•116 9.964 10.Oil 9.332 
• 116 9.943 10.075 9.975 
6119 9.941 13.371 9.977 
•120 9.941 10.079 9.975 
•12? 9.938 10.063 9.963 
•124 9.938 10-173 9.969 
•125 9.935 10.174 .9.968 
•128 9.940 10.373 9.972 
•131 9.936 10.07? 9.977 
•132 9.933 13.376 9.974 
6134 9.937 10.159 9.970 
6133 9.943 13.377 9.969 
6138 9.940 10.070 9.967 
6143 9.934 10*061 9.970 
6162 9.935 10.373 9.971 
6144 9.937 10.066 9.972 
6146 9.933 10.067 9.977 
6149 9.936 10.166 9.981 
6153 9.932 13.374 9,987 
6152 9.930 10.069 9.996 
6154 9.93) 13.366 10.304 
6156 9.9)2 11.382 l).))5 
6159 9.9)6 10."Tl 10,<V,f, 

Elevation 
SUticu 

Left Center aifht 

6160 9.937 10.C79 10.011 
6.162 9.937 13.0f6 13.012 
6164 9.938 10.078 10.013 
6166 9.940 18.396 19.?16 
6168 9.940 13.093 10.014 
6170 9.938 10.096 IC.C09 
6172 9.943 10.076 9.999 
*174 9.945 10.085 10.006 
6176 9.942 13.080 13.J35 
6178 9.939 11.C79 U.VC02 
6180 9.942 13.070 10.002 
6182 9.938 10.062 9.999 
6184 9.942 13.059 9.995 
6186 9.955 10.063 9.995 
6188 9.946 13.157 9.9.86 
6190 9.943 13.C65 9.985 
6192 9.934 13.062 9.973 
6194 9.936 10.049 9.962 
6196 9.93C 10.048 9.9*5 
6198 9.929 13.059 9.954 
6200 9.927 10.049 9.954 
6202 9.929 13.081 9.955 
6204 9.922 10.075 9.949 
6206 9.914 10.071 9.946 
6208 9.912 10.C61 9.946 
6210 9.900 10.071 9.949 
6212 9.897 10.060 9.953 
6214 9.894 10.058 9.949 
6216 9.887 13.362 9.949 
•219 9.889 10.061 9.944 
6220 9.887 13.063 9.941 
6222 9.886 10.066 9.935 
6224 9.880 10.061 9.929 
6226 9.877 10.05» 9.9?5 
6228 9.873 10.063 9.916 
6233 9.667 10.061 9.914 
6232 9.860 10.055 9.912 
6234 9.853 13.943 9.916 
6236 9.850 10.044 9.922 
6238 9.846 13.041 9.921 
6240 9.841 10.031 9.919 
6262 9.844 13.021 9.918 
6244 9.854 13.015 9,909 
6246 9.848 13.038 9.903 
6248 9.643 9.997 9.899 
6250 9.844 10.009 9.898 
6252 9.840 10.018 9.996 
6254 9.836 13.013 9.899 
6256 9.833 10.022 9.9b3 
6258 9.827 10.013 9.899 
6260 9.823 13.301 9.891 
6262 9.821 10.00« 9.886 
6264 9.821 9.98? 9.883 
6266 9.826 9.956 9.879 
6268 9.828 9.958 9.881 
6270 9.830 9.963 9.882 
6272 9.83C 9.964 9.881 
6274 9.831 9.972 9.879 
6276 9.832 9.978 9.884 
6278 9.833 9.984 9.886 
6280 9.827 9.984 9.885 
6282 9.823 9.974 9.893 
6284 9.824 9.973 9.891 
6286 9.824 9.967 9.890 
6288 9.823 9.958 9.892 
6290 9.823 9.949 9.879 
6292 9.815 9.957 9.87l> 
6294 9.816 9.952 9.863 
6296 9.837 9.948 9.855 
6296 9.819 9. 9*1 9.85) 
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Table A25     Three Track Elevation Profiles 

(Stations and elevations are in feet) 
(Sheet 6 of 6) 

Elevation . 
JUtion 

Left Center Right 

6353 9.918 9.9 37 9.852 
6302 9.917 0.9)5. 9^953.. 
631* 9.922 9.937 9.849 
6306 9.915 9.934 9.955 
6309 9.611 9.928 9.952 
6310 9.809 9.931 9.851 
6312 9.80? J». 936 9.847 
631« 9.906 9,937 9,545 
6316 9.803 9.939 .9.843 
6318 9.795 9.943 9.8*1 
6320 9*794 9.944 9.835 
6322 9,759 9.949 9.822 
6324 9.784 9.947 9.829 
6326 9.781 9.948 _9..83£ 
6328 9.783 9.949 9.132 
6330 9.782 9.941 .9.83) 
6332 9.781 9.944 9.832 
6334 9.786 9.938 9. 83* 
6336 9.78T 9.956 9.842 
6338 9. 794 9.956 9.8>1. 
63*3 9.796 9.950 9.839 
6342 9.79) 9.954 9.8)5 
6344 9.792 9.934 9,834 
6346 9.794 9.938 9.92» 
6348 9.79) 9.923 9.826 
635) 9.784 9.931. 9,925 
6352 9,783 9.921 9,825. 
6354 9.78) 9.929 9.823 
6356 .9.779 9,924 9.812 
6359 9.782 9.914 9.8)4 
6360 9.786 9.927 9.8C4. 
6362 9.79C 9.91P ...Km. 
6364 9.794 9.9)5. .9.733.. 
6366 9.797 9.914 9.796. 
6369 9.795 9.912 9.786 
63T0 9.794 9.914 9.785 
6372 9.794 9.906 9.794 
6374 9.793 9.905 9.786. 
6376 9.787 9.904 9.783. 
6378 9.782 9.998 - 9.791. 
6363 9.79) 9.908 9.788_ 
6392 9. 778 9.903 .9.784 
6384 9.776 9.901 9.785 
6396 9.774 9.888 9.784 
6389 9.773 9.194 .9.779 
63*0 s*m 9. «79 .»•77... 

XtovatiOD 

Utt* - Cntar Right, 

6)92 
6194 

9,734 
9.76» 

_«.•** 
9.85* 

9L7J9 
9.U1 

6396 9.72? 9.153 9.772. 
6398 9.72) 9.846 . 9.T66 
6400 9.719 9.654 9.781 
6432 9.716 9.649 .9.780 
6404 9.721 9.155 .9,779 
6406 9.727 9.95* 9..7W. 
640 8 9.734 9.1*6 .9.71* 
6410 9.744 9.9*9 %.m 
6412 9.730 9.953 9.736. 
6414 9.753 9.955 9..7J« 
6416 '9.757 - 9.656 9.77* 
6418 9.759 9.» ,8 9.77) 
6423 9.758 9.962 9.773 
6422 9.755 9.959 9.773. 
6424 9.752 9.861 9.765 
6426 9.754 9.962 . 9.753 
6428 9.751 9* €56 .9.7*0. 
643) 9.74' 9.659 9,755. 
6432 9.739 9.652 9.751 
6434 9,71* 9.1*7 .9.7*3 
6436 9.729 9.93* 9.733 
643 8 9.724 9.933 .9.72* 
6440 .9,7*1 9.831 .9.720 
•*5tL _1ATJ7_ _1.J27. 9 .720 
6444 _S.716 9.826 .9.71* 
6U5. 9.716. . .9,922 S«713 
6448 9.717 .. 9.922 -3.707 
645) -9.720 9J»2JL 3.711 
4452. .-9.J2L- _9«.827- _9.?.U 
*•>*- 3*JJJ. _J*AI*_ ..1*11*. 

6456 _ %m. ..«•Ml --1.U9. 
•458 _ftI21 rJbi». J.72(L 
**S) _*a.72». .5*92*. -i-Uft. 
•462 .9. EL* r.._9*J29. .9.711^ 
6554 .9.7.1.1 .9.827. ^9»JU 
_ftiA6. 9,7.07 _$*fXL 3,7X0. 
64*« 3 .498 .9,812. _9.70* 
.6*13 -9,693 ._9«,»0J -9.A96. 
64.7Z1 9.693 .9.911 9.6J83 
*42*. ..?,4ft2. 9-799. 9.6« 
6476. .JtiAIP. 9.786 9. 681 
6*78 
6480 

L.UQ. 
pkMß 

-JUZZI 
__M»6. 

9,690 
-1.6J3. 

.»12 __9.i53 9.TS1 9.6*3 
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APPENDIX B 

DIGITAL COMPUTER PROGRAM FOR 
SIMPLIFIED ANTISKID ANALYSIS PROCEDURE 

The user's instructions for CDC 6600 procedure A6A which is 
a program for solving the equations for the simplified 
antiskid analysis procedure as described in Section III 
are as follows: 

INPUT DATA 

Input card data shall be tabulated on Data Sheets according 
to the following format for all cards: 

1-66 67-72 73 74-75 76-79 

Problem Data Job "P" PN CS 

PN-- problem number, CS--card sequence number 
(numbered sequentially from 0001). 

The problem data is defined by the following formats. 
Unless otherwise indicated, data should be entered as 
floating point. 

Card 1 

Card Columns 

1-30 37-45 47 

ID JOB M 

Columns 
1-30 
37-45 
47 

Variable Description 
ID -- Alphanumeric Identification 
JOB -- Problem J^ame (alphanumeric) 
M = 1 printed output only 

85 2 microfilm output only 
• 3 printed and microfilm output 
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Card 2 

Card Columns 

1  1-10 11-20 21-30 31-40 

TSTEP j T1NTP TEND TRITE 

Variable 

TSTEP 
TINTP 
TEND 
TRITE 

Description 

Time between steps 
Internal print interval 
System run time 
System print interval 

Card 3 

Card Columns 

1-10 11-20 21-30 31-40 41-45 

ACVRO ACVSO PCVB VMIN NR 

Variable 

ACVRO 

ACVSO 

PCVB 
VMIN 

NR 

Description 

Control valve return full flow 
coefficient 
Control valve supply full flow 
coefficient 
Control valve bias pressure 
Flywheel velocity for terminating 
problem 
Number of Brake rotors 
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Simplified Brake Control Systen, (Cards 4-11) 

1-10 11-20 21-30 31-40 41-50 51-60 
"1 

Cards 

ALPHA ALPHB ABP ABPS XGDD VFD 4 

ACVL CBPL CBPU CG CSCVR DG 5 

ET FNM GCV PBO PCP PFB 6 

PR RBT RR RTD SCL SCVO 7 

SCVA SCVR TCP UB1 ÜB2 ÜT1 8 

ÜT2 VF VRO WG WTO WIT 9 

XCVO XSCM XSCR XBO 
_. 

XGO XDGO 10 

XFO XFDO 11 

Variable   Description 
ALPHA  ~   Tire Friction Parameter (<* ) 
ALPHB Brake Lining Friction Parameter (ou) 
ABP Piston area/brake 
ABPS Piston area/control valve 
XGDD Axle horizontal acceleration (yu) 
VFD Flywheel peripheral acceleration (>/r ) 
ACVL Control valve leakage flow coefficient 
CBPL Brake P-V slope (disk not in contact) 
CBPU Brake P-V slope (disc in contact) 
CG Fore and aft spring rate at axle 
CSCVR Control valve input coefficient 
DG Fore and aft damping coefficient at axle. 
ET Tire friction velocity correction coefficient 
FNM Vertical force on tire from ground 
GCV Control valve gain 
PBO Brake oressure (at time zero) 
PCP Pilots command brake pressure 
PFB Brake piston friction hysterisis pressure 
PR Hydraulic system reservoir pressure 
RBT Lrake piston torque producing radius 
RR Tire effective rolling radius 
RTD Axle height (above ground) 
SCL Control valve overlap 
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Variable 

SCVO 
SCVA 
SCVR 
TCP 
ÜB1 
UB2 
ÜT1 
ÜT2 
VF 
VRO 
WG 

WTO 

WIT 

XCVO 
XSCM 
XSCR 
XBO 
XGO 

XDGO 

XFO 

XFDO 

Description 

Control valve full open spool travel 
Control valve maximum application travel 
Control valve maximum release travel 
Time to reach maximum command pressure 
Brake lining friction parameter 
Brake lining friction parameter 
Tire friction parameter 
Tire friction parameter 
Flywheel peripheral velocity 
Tire - friction vs. velocity - parameter 
Mass of: Wheel, Tire, Brake, & supporting 
structure 
Angular velocity of Tire & Wheel (at time 
zero) 
Moment of Inertia: Tire, Wheel, & Brake 
rotor 
Control valve spool position (at time zero) 
Value of Xsc f°r maximum regulation ' 
Value of Xsc f°r zero regulation' 
Brake piston position (at time zero) 
Axle horizontal position (at time zero) 

(xGo) 
Axle horizontal velocity (at time zero) 

(xGo) 
Flywheel peripheral distance (at time 
zero) (XF0) 
Flywheel peripheral velocity (at time 
zero)(Xpo) 

1) X$c is the control valve pressure regulation parameter 
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Wheel Speed Sensor System 

Card 12 (follows Che Simplified Brake Control Systems cards) 

2 Card 

IOPT 12 

Variable       Description 

10PT=1 the control circuit input signal is 
proportional to the mass displacement 

I0PT=2 the control circuit input voltage is 
considered proportional to the wheel's 
angular velocity. 

The wheel speed sensor system has two approaches as mentioned 
above.  The problem data varies for each approach taken. 

I0PT=1 

Card Columns 

1-10 11-20 21-30 31-40 41-50 51-60 Card 

CCGV CWG CWS DWS GWS WWS 13 

ESN XWS XWS EG 14 

Variable Description 

CCGV 
CWG 

CWS 
DWS 

GWS 

WWS 
ESN 
XWS 
XWS 
EG 

Output voltage coefficient (volt/in) 
Hypothetical linear force motor coefficient 
(lbf/volt) 
Spring rate (hypothethical spring) (lbf/in) 
Damping coefficient (hypothetical damper) 
(lbf/in) 
Hypothetical tachometer voltage-speed 
coefficient (volt sec/rad) 
Mass (hypothetical mass) (lbf sec2/in) 
Input signal "noise" (volts) 
Hypothetical mass displacement at time-0 (in) 
Hypothetical mass velocity at time=0 (in/sec) 
Anti-skid control circuit input signal (volts) 
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I0PT=2 

Card Columns 

1-10 11-20 21-30 Card 

GWOC ESN EG 13 

Variable 

GWOC 

ESN 
EG 

Description 

D.C. tachometer voltage-speed coefficient 
(volt sec/rad) 
Input signal "noise" (volts) 
Anti-skid control circuit input signal 
(volts) 

Card Group A (follows wheel) 

2 Cftrd 

I Ai 

Variable 

1=1 

Description 

a modulated (brake pressure) circuit 
will be used to simulate the control 
system. 

1=2 an electrical on-off circuit will be 
used to simulate the control system. 
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Modulated Circuit 

Card Columns 

j 1-10 11-20 21-30 31-40 1 41-50 51-60 CarJ 

CM C404 C405 C406 C407 C446 A2 
C447 C448 C449 C450 C451 C452 A3 
C456 C457 C458 C459 C460 C461 A4 
C462 C526 C527 C528 C529 C530 A5   j 
C531 C532 C533 C534 C535 C565 A6   ! 
C566 C567 C568 C569 C570 C571 A7 
C575 C576 C577 C578 C579 C580 A8 
C581 C604 C605 C606 C607 C608 A9   ! 
C609 C610  j C611 C612 C613 C614 A10 
C615 C616  1 C617 C618 C619 C620 :  All 
C621 C622 C623 C800 C801 C802 A12 
C803 C804 C805 C806 C807 C808 A13 
C809 C810  l C811 C812 VC1 VC2 !  A14 
VC3 VC4 VC1 VC2 VC3 VC4 A15 

| EV A16  ! 

Variable Description 

CM 
C404 

C405 

C406 
C407 
C446 
C447 
C448 
C449 
C450 
C451 
C452 
C456 
C457 
C458 
C459 
C460 
C461 
C462 

VC2 voltage coefficient equ VB 
ACQ3 coeff equ N7, N5-3-4, N5-7-8, N5-11-12 
(DIMLS) 
Const equ N7, N5-3-4, N5-78, N5-11-12 
(AMPS) 
AD5 coeff equ N4 (OHMS) 
Const equ N4 (VOLTS) 
(EG-VC1) coeff equ Q2-3 (MHOS) 
(VC3+VC4) coeff equ Q2-3 (MHOS) 
Const equ Q2-3 (AMPS) 
(EG-VC1) coeff equ Q2-4 (MHOS) 
VC2 coeff equ Q2-4 (MHOS) 
(VC3+VC4) coeff equ Q2-4 (MHOS) 
Const equ Q2-4 (AMPS) 
(EG-VC1) coeff equ 02-1 (MHOS) 
(VC3+VC4) coeff equ Q2-1 (MHOS) 
Const equ Q2-1 (AMPS) 
(EG-VC1) coeff equ Q2-2 (MHOS) 
(VC3+VC4) coeff equ 02-2 (MHOS) 
VC2 "ieff equ Q2-2 (MHOS) 
Const equ Q202 (AMPS) 
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Variable  Description 

C526 (EG-VC1) coeff equ Q2-7 (MHOS) 
C527 Const equ Q2-7 (AMPS) 
C528 VC2 coeff equ Q2-8 (MHu3) 
C529 (EG-VC1) coeff equ Q2-8 (MHOS) 
C530 Const equ Q2-8 (AMPS) 
C531 (EG-VC1) Coeff equ Q2-5 (MHOS) 
C532 Const Equ Q2-5 (AMPS) 
C533 VC2 coeff equ Q2-6 (MHOS) 
C534 (EG-VC1) coeff equ Q2-6 (MHOS) 
C535 Const equ Q2-6 (AMPS) 
C565 (EG-VC1) coeff equ Q2-9 (MHOS) 
C566 (VC2+VC4) coeff equ Q2-9 (MHOS) 
C567 Const equ Q2-9 (AMPS) 
C568 VC2 coeff equ Q2-10 (MHOS) 
C569 (EG-VC1) coeff equ Q2-10 (MHOS) 
C570 (VC2+VC4) coeff equ Q2-10 (MHOS) 
C571 Const equ Q2-10 (AMPS) 
C575 (EG-VC1) co-iff equ Q2-11 (MHOS) 
C576 (VC2+VC4) coeff equ Q2-11 (MHOS) 
C577 Const equ Q2-11 (AMPS) 
C578 VC2 coeff equ Q2-12 (MHOS) 
C579 (EG-VC1) coeff equ Q2-12 (MHOS) 
C580 (VC2+VC4) coeff equ Q2-12 (MHOS) 
C581 Const equ Q2-12 (AMPS) 
C604 Const equ QIC (AMPS) 
C605 VC2 coeff equ Q-1C (MHOS) 
C606 Q3 collector - Q2 emitter current ratio 
C607 AEQ2 comparison constant (AMPS) 
C608 Reciprocal of capacitance Cl (VOLT/AMP SEC) 
C609 Reciprocal of capacitance C2 (VOLT/AMP SEC) 
C610 Reciprocal of capacitance C3 (VOLT/AMP SEC) 
C611 Reciprocal of capacitance C4 (VOLT/AMP SEC) 
C612 AEQ2 coeff equ N10 
C613 VV-EG+VC1 coeff equ N10 (MHOS) 
C614 Emitter-base current ratio - Q4 
C615 Locked wheel arming speed (IN/SEC) 
C616 Locked wheel signal detection speed (VOLTS) 
C617 Locked wheel signal current (AMPS) 
C618 VC2 coeff equ 14 (MHOS) 
C619 VC3 coeff equ N3 (MHOS) 
C620 (EG-VC1) coeff equ RIO (MHOS) 
C621 Const equ RIO (AMPS) 
C622 (VC3-VC2) coeff equ VC4 (MHOS) 
C623 Const equ VQ4 (AMPS) 
C800 Constant equ VB (VOLTS) 

323 

,aa^,^^^lii,.w„.iM1nyi«lM«r.^W..1.^ 
  ^gMftMMMftillifrritf^ai^itemMiMdtaiaiitt^^ -«ut*********. -•-.._.._--,  ; 



- —-»•I 

Variable  Description 

C801 
C802 
C803 
C804 
C805 
C806 
C807 
C808 
C809 
C810 
C811 
CS12 
VCl 
VC2 
VC3 
VC4 
VCl 
VC2 
VÖ3 
VC4 
EV 

AEQ2 coeff equ VB (OHMS) 
Max. valve for AEQ2 equ Q2-N (AMPS) 
AEQ2 coeff equ N8-3, 4, 7 & 8 (DIMLS) 
(VC3+VC4) coeff equ N£-l to N8-8 (MHOS) 
Constant equ N8-3, 4, 7 6c S (AMPS) 
AEQ2 coeff equ N8-1, 2, 5 & 6 (DIMLS) 
Constant equ N8-1, 2, 5 & 6 (AMPS) 
AEQ2 coeff equ N8-7, 8, 11 & 12 (DIMLS) 
(VC2+VC4) coeff equ N8-5 to M8-12 (MHOS) 
Constant equ N8-7, 8, 11 & 12 (AMPS) 
AEQ2 coeff equ N8-5, 6, 9 & 10 (DIMLS) 
Constant equ N8-5, 6, 9 & 10 (AMPS) 
Voltage across capacitor Cl at time-0 (VOLTS) 
Voltage across capacitor C2 at time-0 (VOLTS) 
Voltage across capacitor C3 at time=0 (VOLTS) 
Voltage across capacitor C4 at times0 (V(LTS) 
Capacitor Cl voltage change rate (volts/sec) 
Capacitor C2 voltage change rate (volts/sec) 
Capacitor C3 voltage change rate (volts/sec) 
Capacitor C4 voltage change rate (volts/sec) 
Anti-skid valve voltage (VOLTS) 

Electrical On-Off Circuit 

Card Columns 

1-10 11-20 21-30 31-40 41-50 51-60 Card 

VS C700 C701 C702 C705 C706 A2 

C707 C708 C709 C710 C711 VCl A3 

VCl EV A4 

Variable Description 

VS 
C700 
C701 
C702 
C705 

C706 
C707 

Supply voltage (volts) 
Skid detection threshold current (amps) 
(EG-VCl) coeff equ V6 (MHOS) 
Const equ V6 (AMPS) 
Reciprocal of capacitance Cl (volt/ 
amp sec) 
(EG-VC1) coeff equ Rl (MHOS) 
Const equ Rl (AMPS) 
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Variable   Description 

C708 
C709 
C710 
C711 
VC1 
VC1 
EV 

(EG-VC1) coeff equ V2 (MHOS) 
(EG-VC1) coeff equ V4-1 (MHOS) 
Const equ V4-1 (AMPS) 
ABQ1 coeff equ V4-1 (DIMLS) 
Voltage across capacitor Cl at time=0 (VOLTS) 
Capacitor Cl voltage change rate (volts/sec) 
Anti-skid valve voltage (VOLTS) 

OUTPUT DATA 

If microfilm output data is expected, indicate "16mm print" 
on job sheet and write "33-4020 PR" under Setups. Only the 
data outputted from the modules will be microfilmed. This 
data is printed every "P" seconds (see Card 1) of the total 
run "R" (see Card 1). The internal data print is an optional 
print, after the outputted data print, which consists of data 
5-nside a particular module, not outputted to other modules. 

RESTRICTIONS AND ERRORS 

A. Restrictions 

No single lime step should be greater than the run time 
of the problem.  Each time step should be greater than 
zero. The internal print frequencies may be zero, but 
the print frequency for external data should never be 
zero. 

B. Errors 

If any of the following errors occur, a message giving 
the error number will be printed out. 

Error 

100 
101 
102 

103 or 120 
104 or 131 
105 or 125 
106 or 130 
107 or 127 

Explanation 

Microfilm option not 1, 2, or 3 
Run time is zero 
External print frequency is zero 
Brake time step is zero 
Hydraulic time step is zero 
Airplane time step is zero 
Wheel and tire time step is zero 
Wheel speed sensor time step is zero 
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Error 

108,  133 
or 126 

109 or 128 
110 or 160 

111 
112 
113 

114 

115 

116 

117 

Explanation 

Control system time step is zero 

Control valve time step is zero 
Pitch control time step is zero 
Airplane runway option no'- 1 or 2 
Wheel speed sensor option not 1 or 2 
Number of points for nose gear airload 
curve less than one or greater than 20 
Number of points for nose gear damping 
curve less than one or greater than 20 
Number of points for main gear airload 
curve is less than 1 or greater than 20 
Number of points for main gear damping 
curve (ZSM 0) less than 1 or greater 
than 20 
Hydraulic option is not 1, 2, or 3 

The Simplified Antiskid Analysis Procedure Digital Computer 
Program Listing, CDC 6600 Procedure A6A, follows. 
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